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In recent years, there is high demand for automotive manufacturers to design fuel-
efficient vehicles without compromising passenger safety. One potential solution is to 
construct lighter vehicles using materials such as Ultra High Strength Steel (UHSS). 
However, its high-strength properties result in the difficulty to form desired profiles 
using traditional sheet metal forming processes such as Cold Roll Forming. To 
overcome this problem, a potential solution of Chain-die Forming (CDF) was recently 
developed. The basic principle of the CDF is to fully combine roll forming and 
bending processes, and its primary advantage was the elongated deformation length 
which significantly increases effective roll radius. In this study, three case studies 
were conducted to develop a reliable finite element-based numerical model of CDF 
with Advanced High Strength Steel (AHSS). These simulations demonstrated the 
effectiveness of this forming process while capturing the mechanical behaviours of 
AHSS. The numerical modelling and simulations served as Computer Aided 
Engineering (CAE) tools which determined tool geometries and to control unwanted 
springback. The experimental work conducted on novel 2nd Generation Chain-die 
forming machine.  An automotive martensitic steel DOCOL 1400M from SAAB was 
adopted for this research as a typical AHSS material, which has a yielding strength 
of 1,150 MPa and a tensile strength of 1400-1600 MPa. The three case studies 
involved were (a) Case Study – 1: Forming AHSS 60o section; (b) Case Study – 2: 
Forming AHSS 90° section; and (c) Case Study – 3: Forming top-hat section. All 
three cases were conducted to achieve the desired profiles in a minimum number of 
passes without defects. Validation and verification of the CDF process were further 
demonstrated based on these case studies. A 3D finite element model was devised 
to form the 600 profiles by a single pass using the exact process of Chain-die 
Forming. The primary purpose of this modelling was to study the CDF process to 
capture data such as stress, strain, springback and dimensional accuracy of the 
profile when forming UHSS. The 2nd case study focused on innovation and an FE 
model was developed based on the existing 2nd generation Chain-die Former with 
die and punch segments. Numerical Simulation of the 900 channels was performed 
with the newly developed CDF model with a lead radius of R125 mm and forming a 
radius of 20 meters. The 3rd case study determines this numerical study focused on 
II 
 
simulating the CDF of AHSS to devise an optimal solution for forming a top-hat 
section with only one pass by developing an exact finite element model to construct 
a reliable manufacturing process. All these three case studies concluded with 
experimental work and validation verification results. 
According to the numerical simulations and experimental results obtained, CDF can 
be considered as an affordable, sustainable and environmentally friendly 
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1.1 Overview  
To significantly reduce weight without compromising performance or safety 
standards for automotive vehicles, the automotive industry is under pressure to 
manufacture fuel-efficient vehicles using lightweight structures. Thereby, they are 
increasing demand for advanced high-strength steel (AHSS) and ultra-high-strength 
steel (UHSS) materials to be implemented into the automotive design as structural 
components. UHSS has significantly greater strength to weight ratio over 
conventional steel. Presently, the majority of automotive structures and BIW parts 
use cold roll formed products from high strength steels for their lighter weight. 
However, these high-strength steel materials have higher springback unlike low 
strength steel and limited elongation. Hence, these materials are very difficult to form 
into desired shapes and as a result of springback and elastic recovery, it causes 
defects such as bowing, twisting, end flaring and wrinkles in roll formed products. 
The primary cause of defects in roll forming using high strength steel is the 
difference of longitudinal strain between web and edges. 
The cold roll forming process is widely used today due to its high efficiency and the 
speed of the manufacturing process in forming required lengths and constant 
sections. These products are widely used today in automotive, railways, 
construction, fabricated structures and in many other industrial applications. Even 
though traditional cold roll forming is in high demand, the rejection rate is still very 
high with cold roll forming process when forming high strength steel. Such defects 
include cracks, end flaring, wrinkles, springback and inaccurate dimensions. The 
bowing defects are the major setback for the roll forming longitudinal strain. The tool 
design in the roll forming process plays a major role in the quality and successful 
mass production of a variety of complex profile products. The introduction of AHSS) 
such as Transformation-Induced Plastic (TRIP) series and Dual Phase (DP) series is 
a new challenge for the design of roll forming lines. 
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From the FEA investigation of the Cold Forming of U-channels using UHSS material 
with yield strength ranging from 200 MPa to 1400 MPa with increments of 200 MPa, 
the longitudinal peak membrane strain decreases when the material has a higher 
yield strength. The study also revealed that the longitudinal peak strain decreases 
and subsequently, the deformation length decreases for a material with a higher 
yield strength. As a result of reducing the longitudinal peak membrane strain, it 
provides less residual stress because UHSS materials have a higher springback, 
eventually leading to quality problems in the roll forming process. Due to the 
increasing complexity and variety of products, FEA (simulation) is widely used in the 
forming process to determine product quality before its development. During 
simulation, it is possible to determine the realistic load parameters, roll geometry, 
bending angle and right tooling to compensate for springback value.  
The application of AHSS and UHSS today is restricted by the low formability, thereby 
increasing the difficulty to form shapes using traditional cold roll forming processes. 
There are other alternative forming processes such as flexible roll forming and hot 
stamping technologies, but they have a large energy consumption, high investment 
and aren't sustainable. For the past ten years, there has been a high demand for 
weight reduction in automotive vehicles while maintaining maximum passenger 
safety. A potential material to achieve this is the recently developed advanced high-
strength steel. There are two main factors driving the research of UHSS. The primary 
reason is to reduce the weight of Body in White (BWI is a term referring to the initial 
state of the chassis before painting & adding the moving parts of the car) which 
reduces fuel consumption and minimises CO2 emissions. The second factor is 
increasing the crash resistance of a vehicle and hence passenger safety. However, 
due to its high strength, one disadvantage of this material is the difficulty in 
processing the required shape using conventional manufacturing techniques such as 
roll forming. To alleviate this issue, a potential solution is a recently developed 
technology called Chain-die Forming (CDF). 
The basic principle of CDF is a combination of roll forming and bending processes. 
The primary advantage of this process is the elongated deformation length increases 
the effective radius. The outer and inner shape of the desired profile geometry is 
machined into the split die and punch blocks which are similar to the U-bending 
processes. The split dies and punch segments are assembled to chain links and 
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simulate on a guided track board with a large radius. Having a large radius reduces 
the redundant strain on the material, thus avoiding manufacturing defects and 
improves the quality of the product. The roll radius of the CDF assembly has a wide 
range, for example, a 100:1 ratio in radius compared to cold roll forming. The very 
large forming radius of CDF results in less residual stress, negligible redundant 
strain and no end flaring. The FEA simulation results and experimental work are both 
very close to predicted results. The contact area of CDF is greater than roll forming 
and increases deformation length, avoiding defects such as end flaring, wrinkles and 
cracks at corners. The FEA studies show that the strain in the longitudinal direction 
is less than 0.12%. 
In this study, a 3D model and a real-time CDF process were both created to 
understand the forming process and parameters, and key issues were identified 
such as the corners of dying punch segments that intercepted with the blank. The 
newly proposed die set design incorporates lead-in & lead-out radius at the punch 
and dies segments. Similar to CDF tracks, interpolation radius will be discussed in 
Chapter Four: Numerical Studies. 3D Finite Element Analysis was also conducted to 
simulate forming 600 U-channel with split die and punch blocks by one pass similar 
to an industrial pilot CDF design. The simulation results were similar to the 3D 
animation and theoretical studies. The simulated shape experienced high stress and 
strain at the intercepted surface of the U-channel. The preliminary experimental work 
was conducted with forming 600 U-channel using low strength steel, in a single pass 
with an industrial pilot CDF. The result was no presence of wrinkles, cracks or end 
flaring but penetration lines were noticed on both inside and outside surfaces of the 
channel. It is clearly observable that the forming process is not smooth at the 
intersection of the die and punch blocks with the blank, often jamming the machine 
from overloading. One similar observation between the 3D motion analysis, Finite 
Element analysis and experimental work was the damaged blank at the intercept 
point. The re-designed die set will significantly improve the quality and consistency of 
product and significantly reduce the load on CDF. 
After a detailed in-depth literature review, the preliminary investigation confirmed the 
research aim was aligned with the CDF of UHSS with tensile strength ranging from 
700 MPa to 1400 MPa. The starting point will be to re-design the die set based on 
key findings. 
3
Chapter 1   Introduction 
The significance of this research is the potential to form U-channels from UHSS with 
minimum passes or even a single pass. It will greatly reduce the stress & strain on 
the formed product, lower energy consumption, simpler die design and alignment 
with less investment compared to other roll forming or stamping processes. The cold 
forming technologies are superior to hot forming ones because they are more 
sustainable, environmentally friendly and cost-effective.  
1.2 Aim and Objectives  
The general aim of this research is to further develop the innovative manufacturing 
process – Chain-die Forming for forming 600 channel, U-channel and Top-hat 
section with minimum passes using UHSS, based on the concept of the novel chain-
die forming incremental sheet metal forming technology. To achieve this research 
goal, a series of research objectives were designed. These include theoretical, 
numerical and experimental studies and validation and verification. 
The main objectives include:  
a) Developing an analytical design analysis and 3D CAD model of the existing 
2nd generation Chain-die Former. 
b) Performing experimental investigation on mechanical behaviours of a typical Ultra 
High Strength Steel to obtain raw data via tensile testing to create a material 
model as inputs for the numerical modelling and simulation of the CDF process 
for UHSS. 
c) Devising a series of three-dimensional (3D) Finite Element Models for dynamic 
analysis and simulation of three types of sheet metal forming processes and 
comparative analysis between Chain-die Forming, roll forming and cold stamping. 
d) Utilising the devised Finite Element Models to conduct several case studies to 
achieve optimised die set design using a material model of UHSS with an ultimate 
tensile strength of 1400 MPa. 
e) Conducting experimental studies with minimum passes to achieve superior 
quality and consistency profiles without defects. These include theoretical, 
numerical and experimental studies for validation and verification. 
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1.3 Research Methodologies 
In this research, the methodology was developed into five main tasks to achieve the 
research aim and fulfil the requirements of master degree (Honours) by research in 
Western Sydney University.   
a) Development of analytical design. 
 
• Carry out an analytical design analysis of the existing 2nd-generation Chain-
die Former using SolidWorks design package including CAD modelling and 
motion analysis. The aim of this task is to make improvements to the die set 
design and forming process. A 3D model to accurately simulate the CDF 
process was created to identify the ways to improve the complete process 
and understand the geometrical parameters of CDF.  
 
b) Experimental investigation on mechanical behaviours of a typical Ultra High 
Strength Steel. 
 
• Perform an experimental investigation on mechanical behaviours of a typical 
Ultra High Strength Steel to obtain raw data via standard uniaxial tension test, 
and create a material model as an input for the devised finite element model 
and simulation of the CDF process for UHSS grade DOCOL 1400M. The 
material is graded as one of the strongest cold-rolled AHSS available in the 
steel industry. The material is primarily used by the automotive industry to 
improve crashworthiness capacity, cost efficiency, smoothen production flow 
and achieve a lighter weight design. 
 
c) Comparative study of typical cold sheet metal forming processes via numerical 
modelling and simulation 
 
• Devise three sets of three-dimensional (3D) Finite element models using 
Abaqus software package for dynamic analysis and simulation to compare 
three typical sheet metal forming processes - Chain-die Forming, Roll 
Forming and Cold Stamping, to obtain a better understanding of each one and 
show the advantages of CDF over alternative processes.  
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I. Create a 3D FEA simulation model of Cold Roll forming process to study 
the behaviour of UHSS material. The uphill flower pattern method used to 
form 600 U-channel process consists of five steps. This will validate the 
difficulty of forming UHSS using Cold Roll technology. 
II. Create a 3D FEA simulation model of forming 600 U-channels using the 
typical cold stamping process with the die, punch, and pressure pad to be 
simulated to validate UHSS possible stamping with short lengths and data 
used for the springback correction. 
III. Create a 3D FEA model of Chain-die Forming to understand and compare 
the results with previous researcher’s simulation models.  Roll geometry is 
similar to roll forming with a radius of 20 meters and 100 segments used to 
form 600 U-channel of UHSS material. 
 
d) Numerical modelling and validation of 600 Channel, U Channel and Top-hat 
section. 
• Finite element modelling was employed to validate die set optimised design 
with right springback correction for forming UHSS. The dynamic FE models 
were developed identical to Chain-die Forming process. The targeted case 
studies are 600 channel, U channel and a top-hat section with the model 
condition at 1:1 scale. The objective of the numerical model is to study the 
CDF forming process to determine the stress, strain and springback and 
dimensional accuracy of the profile when forming UHSS. The simulation 
studies carried out using Abaqus / Standard and Abaqus / Explicit of the 
geometry split die and punch segments. 
 
e) Conduct experimental studies with a minimum number of passes to achieve 
superior quality and consistency profiles without defects for validation and 
verification of those devised theoretical and numerical studies as well as optimal 
design. 
The main innovations from this research as listed below:  
• Development of a systematic CAE-driven optimal design of the Chain-die 
Forming (CDF) process for UHSS which was not conducted before.  
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• Investigation of a set of CDF-based forming for 600 channel, U channel and 
top-hat section to show its versatility, flexibility and effectiveness.  
• Conduction of a die set optimisation design to consider the compensation of 
spring-back via Finite Element Modelling validated by experimental work for 
minimising passes. 
1.4 Research Innovation, Signification & Outcomes 
The significance of this research is the potential to form U-channels from UHSS with 
minimum passes. It reduces the stress & strain on components, lowers energy 
consumption and simpler die design and alignment with less investment compared to 
any roll forming or stamping. The cold formed products are superior to hot forming 
because they are more sustainable, environmentally friendly and are developing, 
innovative manufacturing technology.  
1.5 Outline of the Thesis 
The thesis is structured into the following eight chapters. Chapter 1 provides the 
overview, aim, objectives, research methodologies and significance of this research 
study. Chapter 2 focuses on research background, literature review and overview of 
sheet metal forming. Chapter 3 is an experimental investigation to determine 
material properties and mechanical behaviour of a typical Ultra High Strength Steel – 
DOCOL 1400m using uniaxial tension testing. The obtained material data is the input 
data to define the material model in the finite element modelling of CDF for UHSS. 
Chapter 4 is the comparison and analysis of roll forming and stamping, and the 
numerical modelling and simulation of CDF of UHSS using static and dynamic finite 
element analysis techniques. These numerical simulations establish a Computer Aid 
Engineering (CAE) based optimal design process for controlling the typical CDF 
process in a design sense. Chapter 5 is the finite element modelling and 
experimental work of CDF of 600 channel with a discussion of experimental and 
simulation results for validation. Chapter 6 is also the finite element modelling and 
experimental work of CDF of U-channel, while Chapter 7 focuses on the CDF of the 
top-hat section. Chapter 8 provides with conclusions, recommendations, appendices 
and references. 
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Chapter 2  
Literature Review  
2.1 Introduction 
The aim of this literature review is to gain an understanding of different 
manufacturing processes, learning the material properties of high strength steels, 
and identifying important research gaps and questions of previous studies. The 
different sheet metal forming techniques include roll forming, stamping and chain-die 
forming and evaluation of each process. Following the study of material properties 
and mechanical behaviour of high strength steels, research gaps in previous studies 
of this field were identified, and appropriate research questions and areas to focus in 
this study was determined.  
2.2 Overview on sheet metal forming 
2.2.1 Roll forming  
Cold forming is a continuous bending process where bending occurs gradually in 
several forming steps from an undeformed strip to a finishing profile (Lindgren 2007). 
It is a continuous process that employs a series of pairs of roll tools that 
progressively shapes a flat strip of metal into the desired profile, as shown in         
Figure 2-1. This process which incrementally shapes the metal is called flowering as 
the metal strip passes through different stages of roll stand. The rollers with 
staggered distance and incremental angles of the V & U section is shaped like a 
flower pattern (downhill pass flow). The number of steps depends on the material 
properties, thickness, shape, cross-section and tolerances (Lindgren 2007). To save 
time and be cost-effective, another operation runs simultaneously including 
stamping, piercing, bending, welding and trimming. 
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(a) Multi-station roll former                                      (b) Front view of the roll forming station 
Figure 2-1 Cold roll forming line (Divya Roll Forming  2011) 
The primary advantage of the CRF is the possibility to form complex geometrical 
shapes with better consistency and accuracy, versatility in thickness and length, 
increase strength strain hardening and lightweight with rigidity, whilst saving material 
and being cost efficient. The main application of cold roll formed products is making 
chassis, bumpers, floor panels, side panels, furniture, storage equipment and office 
equipment, illustrated in Figure 2-2. When forming high strength steels, the rejection 
rate is very high due to springback, bowing, twisting, buckling and cracking as shown 
in Figure 2-3. 
 
(a) Typical roll-formed metal product 
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(b) Typical section profiles for roll-formed metal product 
Figure 2-2 Cold roll form profiles(Steel Market Development Institute  2016) 
 
Figure 2-3 Roll formed product defects (Paralikas, et al. 2009) 
The Roll design process: The aim is to form a consistent, required shape with 
specified tolerances in the least number of passes. Designers determine the number 
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of passes required via numerous factors. If the passes are too fast, it will distort the 
product due to the high stress generated, whilst having too many passes will 
overwork and the process becomes uneconomical, as shown in Figure 2-4 (Halmos 
2005). Figure 2-5 shows the theoretical flow of the strip formed into a “U” channel. 
The length of bend line travelling in straight line point A to point B is “l”. 
 
Figure 2-4 Roll forming process and possible defects (Halmos 2005) 
 
Figure 2-5 Schematic representation of theoretical edge travel of strip edge in a helix 
pattern 
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By calculating this, pitch diameters for both top and bottom rolls and the maximum 
and minimum roll diameters can be determined as shown in Figure 2-6. The roll 
diameters are interrelated with section depth, shaft diameter, key size, material 
thickness, and specified pass line height, the rpm ratio between top and bottom 
shafts, as the diameter increases from the first pass to the last pass. It is very 
important to keep the roll surface speed at the bottom and the top rolls in a ratio of 
1:1. The roll former guide uses the following equation to calculate maximum section 
depth (Halmos 2005). 
 
Figure 2-6 Roll forming line (Divya Roll Forming  2011) 
2.2.2 Bending Theory 
The bending of sheet metal is a common and important process in the manufacturing 
industry. During the bending process, the outside neutral plane is stretched while the 
natural plane inside is being compressed. The material is plastically deformed so 
that the bend takes a permanent deformation when the stress is removed. There are 
two common bending methods, V-bending and edge bending (Groover 2007) 
illustrated in Figure 2-7.  
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Figure 2-7 V & Edge bending(Groche et al. 2011) 
Air bending is a simple method of creating a bending without the need for lower die 
geometry. The sheet metal is supported by two flat surfaces. A punch force is 
applied to a correct spot between the surfaces as shown in Figure 2-8. 
 
Figure 2-8 Air bending process (Groche et al. 2011) 
The punch and die of Channel bending and U bending require the profile geometries 
as shown in Figure 2-9. 
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Figure 2-9 Channel bending and U bending (Groche et al. 2011) 
Corrugation is a bending process in which the sheet metal is symmetrically bent and 
produced across its width with regular intervals as illustrated in Figure 2-10. 
 
  Figure 2-10 Corrugation bending process (Groche et al. 2011) 
Roll loads and torque: 
According to (Abeyrathna et al. 2013) the rolling load, torque and material properties 
are sensitive to the roll forming process. The changing in material properties in 
different coils of sheet metal significantly affects the roll formed products. It is very 
important to understand the material’s mechanical properties such as yield strength 
and hardening exponent as it determines the quality of the final product. With small 
changes in yield strength and hardening exponent, it is possible to obtain a 
longitudinal bow that has a linear negative relation with the yield strength and a 
minimal effect on material hardness. Also, material parameters are estimated on the 
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basis of roll load and torque that is further dependent upon the final shape of the 
product. 
Applications of FEA usage on cold roll forming: 
It is essential to use of Finite Element Analysis when using high strength steel cold 
roll forming process. When creating new product development processes, designers 
determine the springback correction, the number of steps, tolerances, load, torque, 
pitches between rolls, stress and strain using numerical simulation methods. 
According to (Lindgren 2007), there is an existing relationship between the 
longitudinal peace membrane strain, deformation length and the yield strength of the 
material being investigated. Also concluded by (Panton et al) is that the longitudinal 
peak strain occurs when the strip is contacted with the rolls the first time. FEA 
simulation is used to evaluate the yield strength influence on peak strain and 
deformation length. The simulation shows that the longitudinal peace membrane 
strain decreases as the deformation length increases for a material with higher yield 
strength. Also, another FEA study by (Lindgren 2007) proved that longitudinal peak 
strain gives less residual stress in the flange of the profile and quality problems such 
as longitudinal curvature, end flaring and wave edges are reduced. Also noted is the 
increasing deformation length leading to an increase in horizontal distance between 
forming steps when using high strength steel. 
From another study by (Rossi, Degée & Boman 2013) to meet the low-cost high-
quality requirements, the demand for high precision of the FEA model is essential for 
this manufacturing process. FEA models determine speed, the distance between 
rolls, the angle between each step as shown in Figure 2-11 (flowering) and 
calculating the springback correction when new roll lines are established. The 
majority of this study focuses on the deformation occurring at corners of the profiles. 
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Figure 2-11 Typical flower pattern design for the Top-hat profile (Paralikas, Salonitis 
& Chryssolouris 2009) 
According to (Rossi, Degée & Boman 2013), continuous roll forming process using 
Finite Element method is an expensive process because the software analyses 
highly complicated 3D models that have a high CPU time when using a fine mesh. 
Residual stress:  
During cold roll forming, the sheet undergoes successive state deformation such as 
compression and tension in a longitudinal direction. During this period, the higher 
stress and shear stress upon releasing the forming forces provide the natural 
tendency of the material to return to its original shape (elastic recovery). The tool 
design of roll forming is a very important part of the manufacturing of complex and 
accurate profiles.  The introduction of High-strength steels (AHSS / UHSS) materials 
is very challenging for the cold roll forming process. Its primary objective is to 
minimise the number of steps which reduces the cost of the roll forming line. The 
main defects that occur using high strength steels include warping, twisting, edge 
wave, and cracking caused by redundant deformation and longitudinal strains at the 
edge of the profile. The main process parameters include line velocity, roll diameter, 
friction, roll gap and (Jiao et al. 2015). The study about V & U section forming with 
gradual lower flower pattern designs downhill pass flow is illustrated in Figures 2-12 
and  2-13  (Paralikas, Salonitis & Chryssolouris 2009). 
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Figure 2-12 Flower pattern design "U-flower" 
 
Figure 2-13 Flower pattern design "U-flower" with downhill passes 
The conclusion of Cold Roll Forming: Cold Roll Forming is a highly efficient and high-
speed manufacturing production process using low strength steels. The study shows 
that when forming high strength steels, cold forming process has numerous 
difficulties. 
2.2.3 Flexible Cold Roll Forming 
Introduction: Flexible roll forming, also called as 3D roll forming, is a recently 
developed technology with adjustable roll stands (CNC-controlled). The flexible 
forming process is capable of producing variable cross sections (Cai et al. 2013) by 
the adjustable roll stands as shown in Figure 2-14. A major problem in forming 
UHSS is the web warping defects as a result of the deviation in height of the web 
area over the length of the profile (Jiao et al. 2015). Ultra-high-strength steel is 
widely used by the automotive industries to reduce weight and improve 
crashworthiness. UHSS is restricted to conventional forming such as roll forming are 
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stamping. The flexible forming is an alternative method to form variable cross-section 
and variable depth sections. In the experimental study investigation by (Lindgren & 
Ingmarsson 2009), the new tooling concept makes it possible to make top hat 
section of UHSS, with variable cross-section depth and width. The flexible forming 
can be manufactured in three types of profiles. a) Straight profile: the roll assembly is 
not moving or rotating in the Z axis. b) Conical profile with depth and width: the roll 
assembly translates in X, Y & Z axis according to required profile with transition 
zones. c) The roll assembly rotates in all directions during forming. 
 
Figure 2-14  Flexible forming process (Groche) 
Another analytical study carried out by (Joo et al. 2015) performed a flexible roll 
forming process on the basis of longitudinal strain established during the roll forming 
of a variable cross-section. To avoid process induced defects from a wide section to 
a narrow section, the best option was to do flexible forming. The study proved that as 
the side wall of the flange decreased, the forming angle also reduced. As the flange 
height increased during the forming process, the forming angle decreased as 
illustrated in Figure 2-15. 
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Figure 2-15 Flexible forming cross sections (Groche et al. 2014) 
About ten years ago, Schmoeckel (Groche) and his team at the Institute of 
production engineering forming machines in Germany started to develop the concept 
of flexible forming and the data M contributed its own ideas to this development 
including creating developing adaptive motion control. The main reason for the 
development of forming UHSS is the blank already countered to the desired shape 
beforehand. The development of flexible forming technology is a major step forward 
in an integrated European R&D project. The data M sheet metal solution developed 
in 2010 is the first flexible forming machine with controlling up to 2/5/6 axes. Based 
on expertise from the first machine, data M developed a second-generation flexible 
forming machine as an improved version as shown in Figure 2-16.  
 
Figure 2-16 Flexible forming second-generation machines (Groche et al. 2014) 
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The newly developed by flexible forming facility @ Deakin University and Data M for 
forming sheet metal solution high potential for proof concept studies of flexible 
forming variable depths and variable widths as shown Figures 2-17 and 2-18. 
 
Figure 2-17 Flexible forming 3rd generation machine (Deakin Uni) 
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Advantages / Disadvantageous:  
• Greater flexibility than stamped parts which allows a greater variety of shapes. 
• More flexible than press formed or stamped parts (no need extra tooling). 
• Better formability of AHSS / UHSS. 
• Cost-effective mass production. 
• Possible to add additional operations such as piercing, trimming, and welding. 
• Springback correction very easy due to CNC controlled rolls. (Jiao et al. 2015) 
• Both machine manufacture and automobile industry still lack expertise with 
the flexible forming process.  
2.2.4 Stamping 
Metal stamping is a process that uses a die and punches to transform flat metal 
sheets into shapes such as automotive body parts, aircraft parts, beverage cans, 
metal desks and white goods as shown in Figure 2-19. The process of stamping is 
also known as pressing, which includes a variety of sheet metal forming processes 
such as bending, embossing, and flanging, blanking, coining, deep drawing, 
starching, ironing and piercing.  
The stamping technology has a very high production rate, low labour cost and high 
equipment cost. The sheet metal blanks used in stamping typically consist of low 
carbon steel for its low cost, excellent formability and high strength. 
The typical stamping press consists of a punch, a die and blank holder or a binder as 
shown in Fig 2-20. The sheet metal is plastically deformed and flows into the die 
cavity to form its shape. The high-quality design of the tooling enables the moulding 
of complex shapes quickly and economically. The blank holder force (Fb) and punch 
force (Fp) must be selected accurately to hold the sheet in place through the 
frictional forces, whilst still allowing the blank to plastically deform and flow into the 
cavity (dies).  
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Figure 2-19 Stamped products (Lim, Venugopal & Ulsoy 2014) 
The stamping process is carried out by a mechanical press and a hydraulic CNC 
controlled press illustrated in Figures 2-20 and 2-21. Mechanical presses allow the 
operator to set the required stroke, speed and blank holder force before commencing 
as the parameters cannot be adjusted during the process. The advantage of the 
numerical controlled hydraulic press is that it can be programmed for both the 
required drawing punch force and adjustable blank holder force. 
 
Figure 2-20 Typical stamping process (Lim, Venugopal & Ulsoy 2014) 
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Figure 2-21 Mechanical and hydraulics stamping press (Lim, Venugopal & Ulsoy 
2014) 
When forming AHSS materials, there is an increased level of die wear and 
springback in stamping operation compared to forming with mild or low strength 
steel. The material's high yield strength and surface hardness results in higher 
forming forces, wear, galling and prematurely die surface. As a consequence of the 
lack of quality, it results in interrupted production and thus increases cost due to 
downtime and die sets repairs. To overcome the selection of die materials, newly 
invented testing devices facilitate accurately the necessary characterisations (Cora & 
Koç 2009). Also, when forming high strength steel, it is very important to use 
lubrication in order to reduce the friction between die and sheet as well the effect of 
heating generated from deformation and friction (Kim, Altan & Yan 2009). The study 
showed that polymer-based thin film lubricant with pressure adductive was much 
more effective than other lubricants. 
The FE simulation of sheet metal forming process helps the tool designers to design 
the forming interface for stamping parts using a CAD program in order to avoid the 
more expensive press shop try-outs. The investigation carried out by (Firat 2007) 
uses CAD analysis to design the concepts as proposed by the forming of interface 
design of an automotive stamping part with a die construction. The result indicated 
the merits of the die-face distortions on formability and springback. Another 
investigation carried out by (Ingarao, Di Lorenzo & Micari 2009) analyses the 
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stamping performance of dual phase steel such as DP 1000 and DP 600. The aim of 
this study is a multi-step approach to reducing the springback and thinning failure of 
S-shaped U-channel with the stamping process. The investigation aimed to optimise 
both material’s thinning levels and responded springback. 
2.2.5 Hot Stamping 
The recent trend of the automobile industry is to manufacture vehicles that were 
lightweight, cost-effective, safe, and environmentally friendly with minimising CO2 
emissions and maximising recyclability. As a result, there is a rapid increase in 
demand for high strength steel over recent years. The hot stamping method is a 
combination of forging and cold stamping. It has the ability to form high strength steel 
tensile strength of 1500 MPa. The application of hot stamped parts in automotive 
structural components include the front rear bumpers, A-pillar, B pillar, C pillar, roof 
structure and door coalition beam as shown in Figure 2-22(a). Body in white or BIW 
refers to the stage in automotive design or automobile manufacturing in which a car 
body's sheet metal components have been welded together. BIW is termed before 
painting & before moving parts (doors, hoods, and deck lids as well as fenders), the 
motor, and chassis sub-assemblies, or trim (glass, seats, upholstery, electronics, 
etc.) have been assembled in the frame structure as shown in Figure 2-22(b). 
 
Figure 2-22(a) Structural components include the front-rear bumpers. 
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Figure 2-22(b) Automotive stamped parts in the typical middle-class car (Karbasian 
& Tekkaya 2010) 
There are main two varieties of hot stamping process currently available, direct and 
indirect hot stamping methods (Karbasian & Tekkaya 2010). The direct hot stamping 
method has the blank heated up inside a furnace and quickly transferred to the press 
and is subsequently formed and quenched inside tool Figure 2-23(a). The indirect 
hot stamping process includes a pre-formed shape from cold stamping process that 
is heat treated and hot stamped and quenched inside the tool as shown in Figure     
2-23(b). 
The material used for hot stamping is special-born steel with coating and non-
coating. The world’s largest steelmaker ARCELOR group has developed the hot 
stamping sheet USIBOR 1500 and also invented and patented of Al-Si coated hot 
stamping steel. The microstructure of the coated steel mixture of ferrite and pearlite 
after roll forming has a yield strength of 280-400 MPa and tensile strength of 450 
MPa. After hot stamping, the microstructure is changed into the uniform martensite 
with a yield strength of 1200 and tensile strength of 1600 MPa (Lim, Venugopal & 
Ulsoy 2014). 
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Figure 2-23 Basic hot stamping process (Karbasian & Tekkaya 2010) 
A further investigation carried on high strength steel grade of 22MnB5 born alloy 
steel out by (Naderi & Bleck 2007) had an initial material tensile strength of about 
600 MPa which was subsequently increased to 1500 MPa after hot stamped and 
quenched inside the cold tool. The mechanical properties of steel after quenching 
are dependent on carbon and other chemical composition as shown in Figure  2-24.                  
 
Figure 2-24 Flow curves and microstructure of 22MnB5 before and after hot 
stamping (Karbasian & Tekkaya 2010) 
The hot stamping process is a combination of thermos & mechanical processes 
which is very complicated to figure out during the development of a new product. It is 
essential to study the FEA model as the simulation process must be considered 
between the interaction of thermal, mechanical and microstructural fields. According 
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to (Liu et al. 2010), there are several key problems involved in FEA simulation of the 
hot stamping process of AHSS such as the material characteristics and the 
treatment of contact mesh. Also, the process parameter such as the blank holder 
pressure, die clearances between die, blank, and the blank holder has been 
identified as illustrated in Figure 2-25. 
 
Figure 2-25 Schematic illustration of the hot stamping process(Liu et al. 2010) 
The comparison of hot and cold stamping simulation carried out by (Guler & Ozcan 
2014) uses the material grade 1500 MPa born steel. The result shows that the 
quality of the part in hot stamping is much better than cold stamping. The simulation 
is carried out using Finite Element Analysis software – DynoForm, and the result was 
a failure of the blank due to its brittle nature and difficulty in cold forming. To 
overcome this, hot stamping was invented to form high strength steel. The blank 
heat traded to between 600-8000c formed without cracks. The investigation 
concluded with the hot stamping parts having much better consistency in thickness 
distribution and strain values within limits. Hot stamping also encountered significant 
difficulties, as shown below Figure 2-26. To overcome these difficulties, (Mori 2015) 
introduced the newly developed smart hot stamping process. It is a combination of 
rapid resistance to heating, forming, shearing and quenching all in one shot. This 
process is suitable for small parts and the new process is still under development 
stage. 
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(a)                                                                                     (b) 
Figure 2-26 (a) Hot stamping process flow line, and (b) Robotic arm feeding material 
in to press (Source: http://loire.gestamp.com) 
The advantage of the hot stamping process:  
• The forming load is considerably reduced due to the decreasing of flow stress.  
• Very low springback. 
• The formability is increased due to the increased ductility. 
• Tensile strength increased to 1500MPa after hot stamped quenched inside 
the die. 
Disadvantageous of hot stamping process: 
• The scales on the surface of the stamped part are very high due to 
temperatures are up to 9500C and hence requires shot blasting to remove the 
scales. 
• Need to coat all the sheets to prevent oxidisation at high temperatures which 
are expensive. 
• Low production rate due to many stages and handling. 
• Expensive hot forming lines and large equipment. 
• The formed parts are trimmed and punched using a laser cutting process due 
to the high hardened surface after hot stamping. 
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2.3 Chain-Die Forming 
Chain-die forming is a newly invented sheet metal forming method to overcome the 
difficulties with forming high strength steels using traditional cold roll forming Zhang 
& Ding (2012a). The basic principle of Chain-Die forming is the combination of roll 
forming and press brake operations. The main advantage of this process is that the 
elongated deformation length increases the effective large radius, as shown in 
Figure 2-27. The outer and inner shape of the desired profile is transferred to the 
split die and punch blocks that simulate on a guided track board with a large radius. 
Having a large radius reduces redundant strain on the material, avoiding 
manufacturing defects and improving the quality of the product. The chain-die 
forming using punch & die blocks are machined according to the shape of the 
product. The roll radius of the Chain-die Forming process is very high. The contact 
area is greater than roll forming which increases the deformation length. Studies 
show that the strain in the longitudinal direction less than 0.12%.  
 
Figure 2-27 The basic elements of chain-die forming (Zhang & Ding 2012a) 
A comparison study of Chain-die Forming and Roll Forming by forming a top hat 
section conducted by Zhang & Ding (2012a) led to several conclusions. Firstly, it is 
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possible to achieve more bending angles without product defects when forming high 
strength steel. Unlike roll forming, the very large forming radius of Chain-die Forming 
process enables less residual stress, negligible redundant strain, and no end flaring 
as shown in Figure 2-28. The FEA Simulation results and experimental work are 
both very close to predicted results illustrated in Figures 2-29 and 2-30. According to 
the author, the forming top hat section in one pass by using CDF requires an 
intermediate pass to improve the forming quality of the product. The main 
advantages of CDF are fewer passes, greater predictability when developing new 
products, shorter forming line, and greater consistency of product quality. Finally, the 
authors suggested that further study and industrial support is required for CDF to be 
fully commercialised. 
 
Figure 2-28 Schematic representation of die & punch blocks CDF (Zhang & Ding 
2012a) 
 
Figure 2-29 CDF Simulation of a 50-m radius roll (Zhang & Ding 2012a) 
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Figure 2-30 Flange profile for roll radius of 50 m (Zhang & Ding 2012a) 
 
Zhang & Ding (2012b) carried out an experimental study on chain-die forming for 
Ultra-High-Strength Steel (UHSS). The increasing usage of UHSS for manufacturing 
automotive industry is a result of the focus on sustainable forming technology such 
as CDF, as an alternative solution for traditional cold roll forming of high strength 
steels. In this study, FEA modelling and simulation were carried out using the blank 
thickness of 0.5 mm and width 50 mm, web 20 mm and the flange of 15 mm as a 
simulation parameter to produce a U-channel section on one pass with a pre-
punched hole on the sheet. The interesting aspect of CDF is the maximum 
longitudinal strain that occurs at the middle position of the flange edge. Increasing 
the flange width has a positive effect on the tensile longitudinal strain and negative 
compressive longitudinal strain. Both the strain gauge measurement and FEA 
simulation proved that the redundant strain is very small and the residual stress is 
zero as shown in Figure 2.31. The final profile is not at a right angle due to 
springback and requires an improved tolerance of the final product. To overcome 
these defects, the author suggested that CNC controlled forming pass and further 
study is needed to form high strength steels. 
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Figure 2-31 3D FEA simulation of CDF(Zhang & Ding 2012a) 
Theoretical studies were carried out by Zhang (2014) to describe the forming 
process as simply an extension of cold roll forming. The rolls are replaced with split 
identical die and punch blocks assembled onto a large radius track board where the 
chain links are assembled. The arrangement of rolls can be in a different 
combination of lead radius, deforming radius and lead-out radius.  Three methods 
have  been described by the author, as illustrated in Figure 2-32. They are (a) the roll 
centre curvature on both sides, (b) one roll with zero curvature either the top or the 
bottom, and (c) the centre of both roll radius one side (concave or convex). Method 
(a) of the roll centre curvatures on both sides is the most common process. 
The theoretical model of CDF has been explained as shown below in Figure 2-33, 
the forming length vertical stroke where the distance between S & O is "l", the 
forming distance, while R1 and R2 are top and bottom roll radii respectively, and h1 
& h2 are the depth of forming a distance. 
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Figure 2-32 Three possible methods of CDF(Zhang & Ding 2012a) 
 
Figure 2-33 Geometrical relation in Chain-die forming (Zhang & Ding 2012a) 
The forming process, tooling and strain development analysis are key parameters for 
the CDF. The same bottom and top forming radiiR1 and R2 have  a relation h1 and h2. 
 as shown in Figure 2-34. The die and punch blocks are similar to air-brake bending 
from the section along the forming direction. The die and punch blocks are split into 
small pieces to accommodate for smooth transaction around the track board paths of 
both the top and bottom forming radii.  
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Figure 2-34 Chain-die forming U-channel(Zhang & Ding 2012a) 
As the roll radius increases, the strain decreases due to the larger forming radius. 
The flange lengths (that equal to the depth of the channel) are 15 mm, 20 mm, 30 
mm and 50 mm. The results show that the strain increase when the flange length 
increased as illustrated in Figure 2-35. 
 
Figure 2-35 Longitudinal strain vs flange height (Zhang & Ding 2012b) 
The FEA study was carried out on a U-channel section in one pass using the 
simulation software - Abaqus/Standard as shown in Figure 2-36. The radius of the 
roll is 100 mm, the element type is C3D8R, 8-node linear brick, reduced integration, 
and has an hourglass control element applied to the strip. The mesh size of the 
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Figure 2-36 3D FEA of U-channel (Zhang & Ding 2012b) 
The result was that there were no obvious defects noticed on the deformed U 
channel, such as wavy edges, wrinkles, cracks, and twisting. 
The theoretical load analysis of CDF: The following assumptions were made: (a) 
the plane perpendicular to the forming direction and flange and the web are straight 
during the process, (b) the bending deformation happens only in from corners inner 
to outer, and (c) the plastic deformation occurs from the beginning and also, we 
neglected the elastic deformation. 
2.3.1 The experimental work of CDF 
According to the author, the first prototype developed during 2010 as shown Figure 
2-37 explored that (a) possibility of forming U-channel by one pass, (b) forming of top 
hat section, and (c) the analysis of residual stresses. Based on the prototype results, 
an industrial pilot was further developed in 2013 for further analysis. The 
experimental work carried out on the prototype CDF had the blank size 0.5 x 50 x 
200 mm in thickness, width, and length respectively. The material colour bond G550 
had a tensile strength of 700MPa as shown in Figure 2-38. To compare the strain 
between FEA simulation and experimental work, three strain gauges had been glued 
to the blank at the front, middle and end sections. When the experimental result was 
compared with the theoretical and FEA result, it revealed the strain that was 
developed in the negative direction due to the accuracy and tooling tolerance of CDF 
as a whole. However, all strain results were ‘between’ -0.02% to 0.1% as illustrated 
in Figure 2-39. Based on this prototype experimental work, we can assume that the 
redundant strain is very less which results in the residual stress of zero. 
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Figure 2-37 First Prototype Chain-die forming (Zhang & Ding 2012b) 
 
Figure 2-38 Experimental work material G550 (Zhang & Ding 2012b) 
 
Figure 2-39 Theoretical, FEA, and experimental work comparison (Zhang & Ding 
2012b) 
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Apparently in their research, although the FEA results had a similar trend compared 
to the experimental results, both FEA and theoretical results had large discrepancies 
with providing tensile strains rather than compressive strains, as shown in Figure 2-
39. This is because the working portion of the virtual roll was generated by using 
discrete die-blocks with an identical profile. In theoretical and FEA studies, however, 
the authors failed to take the “pinch” effect into account but it happened in 
experimental work. However all these three curves remain in a low level between -
0.02% and 0.1%.  This shows that redundant strains are very small and results in the 
residual stresses of zero after forming (Zhang & Ding 2012b). Experimental work 
was successfully carried out on the prototype, and then the industrial pilot was 
manufactured to study the material with high strength steels such as UHSS and 
AHSS as shown in Figure 2-40. The pilot CDF had two stands with a 4.7m overall 
length, the maximum capacity of six varieties of dies sets with a 360-mm die set 
length, and equal to 10 pitches. 
 
Figure 2-40 Industrial pilot chain-die forming machine (Zhang & Ding 2012b) 
The experiment works successfully carried out on AHSS material grade DP760, with 
a thickness of 1.2 mm, U-channels having a 900 angle and in two passes as shown 
in Figure 2-41.  
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Figure 2-1 Top hat section (Steel Market Development Institute  2016; Zhang & Ding 
2012b) 
2.3.2 Ultra-high strength steel 
The automotive industry is under tremendous pressure by environmental, 
governmental regulations, and consumer preferences in order to reduce fuel 
consumption, improve crash resistance, reduce weight and improve the affordability 
of their vehicles. Steel manufacturers developed high strength steels such as 
Advanced High Strength Steels, which are very sophisticated and complex materials 
to form into shapes. The chemical composition and multiphase microstructure of this 
material are carefully selected to precisely control heating and cooling. The 
composition was developed to achieve various ranges of strength, toughness, 
ductility, and fatigue properties. This steel was developed for vehicles to reduce 
weight, increase crash resistance, and reduce CO2 emissions and cost. The AHSS 
is not lighter than other steels, but strong enough to use as thinner gauges in order 
to reduce weight (Demeri 2013). 
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Figure 2-42 Material breakdown by mass (Steel Market Development Institute  2016) 
The AHSS are recently developed materials that are divided into three generations. 
The first generation steel grades are Dual Phase (DP), Complex Phase (CP), 
Transformed Induced Plasticity (TRIP) and Martensitic (MS) with tensile strength 
range from 400 to 1600MPa. The second generation AHSS are newly developed 
steel grades for transitioned applications as shown in Figure 2-42. There are three 
groups such as Twinning-Induced Plasticity (TWIP), Light Weight Induced plasticity 
and Austenitic Stainless Steel (AUST SS). The tensile strength of these grades 
ranges from 850-1650 MPa. as shown in Figure 2-43 The third generation is still 
under development by ArcelorMittal HF1050 with a tensile strength of about 
2000MPa as shown in Figure 2-44. It is important to note that the second and third 
generation steels are designed to increase ductile and elongation. The following 
steels are used for the automotive application:  
• Complex Phase (CP) steel 
• Dual Phase (DP) 
• Ferritic-Bainitic (FB) Steel 
• Hot formed (HF) Steel 
• Martensitic (MS) Steel 
• Post-Forming Heat-Treatable (PFHT) Steel 
• Transformation-Induced Plastic (TRIP) Steel 
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• Twinning-Induced Plasticity (TWIP) Steel 
• Special Process and Evolving AHSS types 
• Convectional Low-and High-Strength Automotive Steel 
 
Figure 2-43 First and second generation steels (Steel Market Development Institute  
2016) 
 
Figure 2-44 Towards the third generation steels(Steel Market Development Institute  
2016) 
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The SSAB Swedish steel manufacturer constantly invented new grades of Ultra High 
Strength Steels such as continuous annealing or hot dipping galvanised grades. 
Shown in Table 2-1 is the typical mechanical properties of UHSS (Sperle & Olsson 
1996). 
Table 2-1 AHSS/ UHSS materials mechanical properties (Sperle & Olsson 1996) 
 
The Docol grades are called rolled micro-alloyed steel such as Docol 350YP- Docol 
500YP or cold rolled dual-phase steel such as Docol 600- Docol 1400. Note that 
Docol grades are hot dip micro-alloyed steel. The above grades are suitable for cold 
forming without involving heat treatment and have good weldability. 
Crash resistance and energy absorption: Government agencies introduced 
tougher safety standards for improving crash resistance. There is a high demand for 
high strength steels because they effectively absorb a large amount of energy and 
withstand high peak loads. The dynamic crash resistance test carried out by Sperle 
& Olsson (1996) has varied the tensile strength of 300 to 1500MPa. The thickness 
ranges from 0.7 mm to 1.5 mm, and the test specimen has an open-ended square 
tube manufactured from two u-channels welded together. 
The impact test was carried out by accelerating steel pistons in the horizontal tube 
up to 50 km/h. The test results had observed energy plotted against tensile strength 
as shown in Figure 2-46. Increasing the tensile strength, increased the peak load 
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and the amount of energy absorbed, thereby determining its potential for crash 
resistance and weight reduction. 
 
Figure 2-45 The impact test to determine absorbed energy (Sperle & Olsson 1996) 
For the gain in peak load and energy absorption or possible weight reduction with 
high strength steels, it is shown in Table 2-2 and Figure 2-47. 
Table 2-2  Material grade versus gain in weight reduction (Sperle & Olsson 1996) 
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Figure 2-46 Absorbed energy Vs material (Sperle & Olsson 1996) 
Another study carried out by (Sperle & Olsson 1996) was to investigate the reason 
for the development of AHSS. The components made of AHSS have higher crash 
resistance and absorb more kinetic energy. There are main two configurations of 
crash characterisation used by the automotive industry for the assessments: front 
crash and lateral crash as shown in Figure 2-48. Also, crash performance 
Characterisation used in Laboratory assessment shown in Figure 2-49 and Australia 
Legislative/Consumer Crash Regulations as shown in Figure 2-50. 
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Figure 2-47 Crash characterisation used: a) front csrash b) rear crash (Sperle & 
Olsson 1996) 
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Figure 2-48 Crash performance characterisation used in laboratory assessment 
(Sperle & Olsson 1996) 
 
Figure 2-49 Australia legislative/consumer crash regulations (Steel Market 
Development Institute  2016) 
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Based on the literature review, we can determine that high strength steels can 
increase crash resistance, static strength and energy absorption. Cold rolled and hot 
dipped galvanised steel grades are today successfully used in automotive industry 
and increases safety and weight reduction applications such as bumper 
reinforcements, door impact beams, and passenger seat construction. 
2.4 Summary  
2.4.1 Research Gaps  
While Chain-Die Forming successfully formed U-channel and top hat sections by one 
pass, further research is required in optimising the forming process and the die set 
geometry. 
The surface quality of the product and consistency of the forming profiles needs 
improvement. The researcher suggested that the CNC controlled roll-forming pass is 
required to control the forming angle. 
The blank guiding system is required to align the blank at the centre of the die set. 
Further research is required to improve the experimental work in order to control the 
spring bank. 
2.4.2 Research Questions 
To fill the research gaps, based on those key findings from this literature review, the 
following research questions can be listed below: 
• Whether the finite element modelling and simulation, works can capture the exact 
forming process and material behaviours of UHSS? 
• Whether the surface dents are a result of the die and punch blocks intercepting at 
the corners of the blank surface? 
• Whether AHSS/UHSS with tensile strength exceeding 750MPa can be formed 
using the CDF process? 
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2.4.3 Research Focuses 
To provide the answers to these above-mentioned research questions, the research 
focuses of this study are:  
• Development of a CAE-based design analysis framework of Chain-die Forming 
using CAD modelling, motion analysis and dynamical finite element analysis.  
• Experimental investigation on mechanical behaviours of a typical Ultra High 
Strength Steel and validated by Finite Element Analysis. 
• A comparative study between roll forming, stamping and CDF via Dynamic Finite 
Element Analysis using UHSS. 
• Development of finite element models to dynamically simulate the CDF 
processes to form 600 channel, U channel and top-hat section.  
• Optimal design of die-set using the proposed CAE-based design analysis 
framework considering the compensation of springback of UHSS. 
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Chapter 3 
Materials testing and modelling 
3.1 Introduction 
The aim of this experimental work is to investigate the mechanical behaviour of Ultra 
High Strength Steel DOCOL 1400M with a thickness of 1.2 mm. Raw data obtained 
from tensile tests were required in the form of true stress and true strain for the 
calculation of the elastic-plastic model parameters. These are related to the nominal 
(engineering) values and based on the original specimen dimensions. The required 
parameters such as Young’s modulus, true Poisson’s ratio, yield stress and plastic 
strain are required to prepare the material model for the 3D FEA simulation. To 
validate the experiment, comparison studies were conducted between experimental 
and 3D FEA simulation models. 
3.2 Design of UHSS Sample and Experimental Procedures 
The general product description of material DOCOL 1400M with a thickness of 1.2 
mm was martensitic steel, primarily used by the automotive industry to improve the 
crashworthiness, cost efficiency and smoother production flow whilst having a 
lightweight design. The material grade is one of the strongest cold-rolled AHSS 
available. The material is primarily used by automotive vehicle parts such as 
bumpers, structural features and impact beams. 
3.2.1 Sample Design and modelling 
The test specimen was designed as per ASTM 1391-2007 Standards that specify a 
test piece of metal is stained in uniaxial tension at room temperature to determine its 
tensile properties. The Standards also specify the dimensions of standard test pieces 
and methods for tensile testing. Appendix A of this ASTM standard provided 
recommendations when sheet thickness is between 0.1 mm to 3 mm.  
As a result, the samples were designed with a width of 12.5 mm, an original gauge 
length of 50 mm, a minimum parallel length of 75 mm, a grip length of 87.5 mm, the 
total length of 250 mm and a minimum radius of 12 mm at the transition corners.  
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3.2.2 Test Specimen Preparation  
The test specimens were machined using Bridge port CNC milling machine located 
at Automated Manufacturing Lab at Kingswood Campus, Western Sydney 
University. The test sample machining procedure was performed accurately without 
any strain, scratches, nicks and dents at the gauge area as shown in Figure 3-1. 
 
Figure 3-1 Machining coupons on CNC milling 
3.2.3 Experimental Procedures 
Experiment preparation: After machining each coupon, sharp edges are removed 
without damaging the gauge area. The marked gauge lengths were of 50 mm. The 
first one was 25 mm above and below the centre of the coupon. The second one 
was marked 15 mm below the centre line and 25 mm above the centre line. The third 
gauge length was marked 15 mm above the centre line and 35mm below the centre 
line. The measured data was precisely recorded which included width, thickness, 
and gauge length and illustrated in Figure 3-2. 
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Figure 3-2 Recorded data on forms 
Experimental apparatus and procedure: Labelled coupons tested on Instron 100-kN 
UTM and 30-kN UTM as shown in Figures 3-3 and 3-4. The machine load cell, 
calibration, temperature and humidity were recorded on forms. The strain gauges 
were attached to the coupon at the marked gauge length. The test was carried out 
with 3 mm/min constant speed until coupon the fractured at room temperature.  
The fractured coupon was removed from the UTM jaws and measured along the 
elongated gauge length, thickness and width. The data was entered into the screen. 
The Blue hill software calculated the raw data, based on the extension and reduction 
of the original width and thickness. The mechanical properties extracted from this 
experiment include Young’s modulus, yield stress, ultimate tensile stress, true stress 
and true strain.  
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Figure 3-3 Tensile testing on an Instron100-kN UTM (Centre for Infrastructure 
Engineering, Western Sydney University) 
 
Figure 3-4 Tensile testing on an Instron 30-kN UTM (School of Computing, 
Engineering and Mathematics, Western Sydney University) 
3.3.4 Experimental Results 
In this study, in order to investigate the behaviour of a UHSS, the experimental result 
was compared with the raw data from the material manufacturer SAAB (Swedish) 
yield strength, Young’s modulus, ultimate tensile strength, true stress and true strain. 
The maximum stress in the stress-strain curve and the strain corresponding to this 
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stress represents the ultimate tensile strength. When the testing results shown in 
Figure 3-5 was compared with the manufacturer-supplied data, there was a good 
agreement with each other. 
 
(a)                                                    (b) 
Figure 3-5 (a) Fractured test specimen, and (b) fractured test specimen measuring 
gauge length 
 
True stresses and strains can be determined after tensile testing as these 
parameters were calculated from tensile data obtained, as shown in Figure 3-6. The 
main material parameters required included Young’s modulus, Poisson’s ratio and a 
hardening curve such as true stress vs true strain. The simplest yield criterion 
interprets yielding as a purely shear deformation process which occurs when the 
effective shear stress reaches a critical value. This effective stress was defined in 
terms of principal stress components.  
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Figure 3-6 True stress & strain 
The tensile yield stress is now a material parameter and has a minimum value, which 
denotes the limit of elastic behaviour and the start of plastic deformation will increase 
along with tensile plastic strain. The variation of yield stress with plastic strain is 
called the tensile strain hardening function. The von Mises criterion predicts that the 
tensile yield stress, effective shear yield stress and compressive yield stress are all 
related to the blue curve as shown in Figure 3-7 which was used to establish the 
material model in Abaqus. 
 
Figure 3-7 Calculated plastic strain & yield stress 
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3.3.5 Material Model 
The material is modelled as an elastic-plastic material. The material hardening is 
isotropic and the von Mises yield surface and the associated flow rule were used. 
Data from tensile tests are required in the form of true stresses and true strains for 
determining the parameters of the elastic-plastic model for UHSS. These are related 
to the nominal (engineering) values and based on the original specimen dimensions. 
The required parameters such as Young’s Modulus, Poisson’s ratio, yield stress and 
plastic strain are required to establish the material model for the 3D FEA simulation. 
The experimental investigation of DOCOL 1400M tensile data had been 
implemented in the finite element programme table as shown in Table 3-1. 
3.3 Finite Element Analysis of Tensile Testing of UHSS 
3.3.1 Validation of FE Modelling 
To validate the finite element model and its material model, a comparison was 
conducted between experimental and 3D finite element analysis simulation model as 
illustrated in Figure 3-8 3D finite test specimen is similar to ASTM standards design, 
and the parameters are shown in the below Table 3-1. 
Table 3-1 Main parameters of finite element model for tensile test 
Description Data /Parameter 
Specimen specification ASTM Standard Design 
Solid section Deformable 
Material Failure Behaviour Damage Evolution 
Density 7.8 g/cm3 
Young’s modulus 232 GPa 
Poisson’s ratio 0.3 
The section properties type Solid, homogeneous 
Step type Dynamic explicit 
Mass scaling factor 1000 
Amplitude time Frequency 0.1 and Amplitude 1 
True Stress and plastic strain Converted from Tensile testing data 
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Boundary conditions: Fix jaw Boundary Condition type Displacement / Rotation 
select U1 = 0, U2 = 0 and U3 = 0. Tension edge Boundary Condition type 
Displacement / Rotation select U1 = 4, U2 = 0 and U3 = 0; C3D8R, an 8-node linear 
brick element with reduced integration, hourglass control was chosen for the explicit 
dynamic analysis. 
 
Figure 3-8 Comparison study of 3D FEA simulation and experimental work tensile 
testing 
3.3.2 Convergence Testing 
Convergence test was performed to verify the result using that further refinement in 
the mesh, where the peak value of stress increases to a certain extent and will not 
change after. The mess size 1st FE model 123 elements the stress value observed 
1549.4 Mpa and 3rd test the elements so small 1950 the stress value changed 
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insignificantly. Now repeat the problem with a finer mesh (i.e. more elements) and 
then compare the results with the previous test. If the results are nearly similar, then 
the first mesh is good enough for that particular geometry, loading and constraints. If 
the results differ by a large amount however, it will be necessary to try a finer mesh 
yet. This is enough evidence to show the model is reliable as shown in Table 3-2 
because the max stress is consistently at 1500.  
 




Maximum von Mises Stress 
(MPa) 
Mesh 1 123 1549.547 
Mesh 2 220 1550 
Mesh 3 1950 1550 
 
3.3.3 Material Models in Finite Element Model  
The material model is the base of FEM calculations and this should be defined 
accurately for optimum simulation results. In this research, a model was generated 
for experimental work and was defined by material properties and mechanical 
behaviours, which were obtained from the uniaxial test. Abaqus FEA however 
requires specific input data to define the material model and thus data conversion 
was completed.    
3.3.4 Data Conversion of Material Properties for Finite Element Models  
The definition of the material model at Abaqus FEA requires many variables. The 
mechanical behaviour of the material is our basic requirement of this research and 
thus the elastic and plastic behaviours must be defined to obtain stress and strain 
curve from Abaqus FEA and compare with experimental results. Young’s modulus 
and Poisson’s ratio values will define the elastic behaviour and yield stresses and 
plastic strain values will define plastic behaviours of the material.  
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Stress and strain values beyond the yield stress point were converted to true 
stress and true strain, respectively. Those values were collected till the maximum 
stress, which is the tensile strength and the plastic strain values were obtained by 
using the equations below:  
σTrue = σ (1 +
𝜖𝜖
100
)                 (3-1)   
εTrue = ln (1 +
𝜖𝜖
100
)                (3-2) 
εpl = εTrue −  
σTrue 
1000
 𝐸𝐸                 (3-3) 
Where, σ is the engineering stress (MPa), ϵ is the engineering strain (%), E is the 
Young’s modulus (GPa); εpl is the plastic strain and εTrue  is the true strain (mm/mm) 
and σ True is the true stress (MPa). These data were collected for each set and 
defined the material of each respective model.   
3.3.5 Material Modelling in Finite Element Models  
The material modelling input data for elastic behaviours are listed at Table 3-3. This 
data was the input of material parameters for uniaxial and four-point bending models 
and were extracted from the experimental uniaxial test.  
The plastic stress-strain curves for the Abaqus input data was obtained from uniaxial 
tension of these samples. Similarly, yield stresses and plastic strain were the input 
data for plastic behaviours in material models, as shown in Figure 3-9, which was 
converted from a uniaxial tensile test of the samples.  












7.8E+003 236 0.3 1200.251 0. 
   1204.977 0.0005 
   1246.698 0.0006 
   1315.4685 0.0007 
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Figure 3-9 Calculated plastic strain & yield stress 
 
3.4 Summary 
The study performed an experimental investigation of the mechanical behaviour of 
Ultra High Strength Steel DOCOL 1400M. The following objectives have been 
achieved: 
• Test sample preparation according to ASTM standards. 
• Tensile testing specimens according to ASTM guidelines. 
• Creating testing methods according to data requirement. 
• Safe operating procedures on tensile testing equipment. 
• Obtained raw data from tensile tests that are required in the form of true stress 
and true strain, and the conversion calculations of yield stress and plastic strain. 
• Creating material models for numerical simulation of the elastic-plastic model 
parameters. 
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• The required parameters such as Young’s modulus, Poisson’s ratio, yield stress 
and plastic strain are required to prepare the material model for the 3D FEA 
simulation. 
• To validate the experiment, comparison studies were conducted between 
experimental and 3D FEA simulation model. 
• The comparison between simulation and tensile testing experimental results 
revealed that there a strong agreement between each other. The coupon 
fractured precisely as the experiment predicted. Both sets of raw data were 
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Chapter 4 
Comparative Analysis of Roll Forming, 
Stamping and Chain-die forming 
4.1 Introduction 
The objective of this study is to improve the die set design and smoothen the forming 
process of CDF. To identify possible improvements in the entire process and further 
understand the geometrical parameters, a 3D model was created and motion 
analysis was conducted similarly to the CDF process. The primary research question 
of this study is whether a newly invented FEA model of CDF with dies and punch 
segments can be achieved? Another research question is how CDF can be further 
standardised and commercialised for industrial applications? To answer these 
questions, this study focused on developing a new design analysis procedure 
combining CAD modelling, Motion Analysis and Finite Element Analysis (FEA) to 
devise optimal solutions of CDF for UHSS and identify major issues with the CDF to 
form high strength steels. This chapter is divided into the following sections: 1) CAD 
modelling and motion analysis of CDF; 2) comparison between numerical 
simulations of roll forming, stamping and CDF; and 3) creating a new FE model of 
CDF based on the previous results from sections 1) and 2).  
4.2 CAD Modelling and Motion Analysis of CDF 
4.2.1 Motion Analysis of CDF 
A 3D model motion analysis of the CDF process was created to identify possible 
improvements to the entire process and understand the geometrical parameters 
shown in Figures 4-1 and 4-2. The motion analysis clearly identified key issues such 
as the corners of dies punch segments intercepting with the blank. The proposed 
new design of die set incorporated lead in & leads out radius at the punch and dies 
segments, similar to CDF tracks interpolation radius. 
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(a) Motion analysis model assembly 
 
(b) Die set for U-channel 
Figure 4-1 3D Motion analysis model assembly & die set for U-channel 
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Figure 4-2 Detail view and cross section of Chain-die forming 
4.2.2 Design Modification on Die-Set 
Based on the motion analysis and FEA simulation, the corners of die and punch 
segments of 600 and 900 U-channel die-set were modified. The proposed new design 
of dies set incorporated a lead in and leads out radius at punches and die blocks, 
similar to CDF tracks as shown in Figures 4-3 and 4-4. This prevents the corners of 
dies punch segments intercepting with the blank identified. 
 
Figure 4-3 600 channel die set 
To summarise, the proposed new design of die set incorporated a lead in & leads out 
radius, similar to a CDF tracks interpolation radius. The following 2D and 3D 
analytical design analyses were conducted to improve the design of CDF. 
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Figure 4-4 900 U-channel die set 
4.3 Comparison between Numerical Simulations of Roll 
Forming, Stamping and CDF 
This phase of the study was to compare the effectiveness of different forming 
methods of high strength steels through numerical simulations. Finite Element 
Analysis was conducted on: 
• Roll forming of U-channel - to validate and verify with the literature review in 
order to conclude that high strength steels are very difficult to form using a 
traditional roll forming process. 
• Stamping - to study the forming of 600 U-channels using typical cold stamping 
process with the simulated die, punch, and pressure pad. 
• CDF of 600 channel – to prove that the elongated deformation length 
significantly increases its effective radius by using large diameter rolls.  
• Preliminary experimental investigation of CDF for 600 channels to study the 
forming process.  
4.3.1 Material Modelling in Finite Element Models 
The material modelling input data for elastic behaviours are listed in Table 4-1. 
This data was the input of material parameters for uniaxial and four-point bending 
models and were extracted from the experimental uniaxial test.  
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7.8E-009 236 0.3 1200.251 0. 
   1204.977 0.0005 
   1246.698 0.0006 
   1315.4685 0.0007 
 
 
Figure 4-5 Calculated plastic strain & yield stress 
 
The plastic stress-strain curves for the Abaqus input data was obtained from uniaxial 
tension of these samples. Similarly, yield stress and the plastic strain was the input 
data for plastic behaviours in material models, as shown in Figure 4-5, which was 
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converted from uniaxial tensile testing of the samples of the yield stress and plastic 
strain curves as the input data. 
Model Parameters: 
For all simulations, the material is modelled as an elastic-plastic material. The 
material hardening is isotropic and the von Mises yield surface and the associated 
flow rule were used. The experimental investigation of DOCOL 1400M tensile data 
had been implemented into the finite element programme table for all CDF 
simulations, we have these characteristics: 
Table 4-2 FEA CDF parameters 
Material Model Isotropic, Elastic-plastic, Strain 
Hardening 
Material Specification  DOCOL 1400M UHSS 
Young’s modulus 236GPa 
Poisson’s ratio, v 0.30 
Step type  Dynamic, Explicit  
Blank thickness, t 1.2 mm 
Blank width, w 90 mm 
Blank length, L 300mm 
Rolls, Die & punch segments property Rigid 
The mesh  C38DR 
The element type  The element type was C3D8R: 8-
node linear brick, reduced 




Step Type Dynamic Explicit 
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4.3.2 Finite Element Analysis of Roll Forming 
The forming process consists of five steps. The angle starts with 150, 300, 450, 600 
and 750 as shown in Figure 4-6. The pitch between the stands is 400mm, rolls 
diameter 200mm, and rolls with the discrete rigid body.  
 
Figure 4-6 FEA model of roll forming line 
 
The boundary conditions: The blank edges initial step is UR1, UR2, and UR3. The 
boundary conditions for the roll geometry is displacement rotation as shown Figures 
4-7 and 4-8, the sheet deformable material model, plastic isotropic, yield stress and 
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Figure 4-7 3D FEA Simulation model for roll forming 
 
Figure 4-8 3D FEA Simulation model for roll forming 
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After simulation of the 750-channel, the springback was about 200, and end flaring 
and longitudinal bow occurred throughout the entire part. The simulation study 
proved that UHSS was not possible with cold roll forming. Cold roll forming of high 
strength steel into shapes is very difficult because the material has high strength and 
low elongation effects as shown in Figures 4-9(a) and 4-9 (b). The primary issues 
with high strength steels are higher springback due to lower elongation about 3% 





Figure 4-9 (a) Roll formed U-channel cross sections (b) cross-section profile 
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The longitudinal bowing effect occurs when rollers initially contact with surface due to 
residual stress on material since the material has low elongation and ductile 
properties. As a result, the uncontrolled bowing effect is shown in Figures 4-10 (a) 
and 4-10(b) 
 
Figure 4-10(a) Bow of a roll-formed channel longitudinal view 
 
  Figure 4-10(b) Bow of a roll-formed channel cross section 
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4.3.3 Finite Element Analysis of Stamping  
The channel section web width is 30mm, flanges about 30mm from both sides with 
900 including angle and length of 300 mm as the blank was quickly stamped and held 
by the blank holder with the required pressure shown in Figures 4-11 and 4-12. 
 
Figure 4-11 FEA Simulation of the cold stamping process 
 
Figure 4-12 Deformed U channel by stamping 
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Table 4-3 Simulation parameters for stamping 
Material Model Isotropic, elastic-
plastic, 
Strain hardening 
Young’s modulus 202 GPa 
Poisson’s ratio, v 0.30 
Step type  Dynamic, Explicit  
Blank thickness, t 1.2 mm 
Blank width, w 90 mm 
Blank length, L 200mm 
Die & punch blocks property Rigid 
 
The channel successfully stamped with a short length as shown in Figure 4-13 and 
the corner strain was 0.07 shown in Figure 4-14: In reality, it is not possible to form 
long length profiles using stamping as it requires expensive tooling and a high 
capacity mechanical or hydraulic press. 
 
Figure 4-13 Stress profile of a stamped U-channel 
71
Chapter 4  Comparative Analysis of Roll Forming, Stamping  
                                                                            and Chain-die forming 
 
Figure 4-14 Strain curves of stamped U-channel 
Summary of Roll forming and U bending simulation:  
This study focused on roll forming and U bending simulation process of UHSS 600 
channel using Abaqus simulation software. This approach explored both the strain 
distribution and correct tool geometry for the tooling including a spring-back 
correction. As a result, it proved UHSS was very difficult to form into U channels by 
roll forming but was possible to form short lengths with U bending. Further 
simulations concluded that the CDF process is a combination of roll forming and U 
bending as shown in Figure 4-15. 













 Stamping U channel 
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Figure 4-15 Typical CDF process 
4.3.4 Finite Element Modelling 600 Channel CDF with Roll Diameter 40 meters 
As a substitute in previous studies for CDF, 3D FEA was used to form 600 channels 
using roll forming with a roll diameter of 40 meters by a single pass, and the 
simulation was performed in the Abaqus software package via using the explicit 
dynamic analysis solver Abaqus /Explicit. The main purpose to devise this model is 
to prove that the elongated deformation length significantly increases its effective 
radius by using large diameter rolls.  The channel section web width is 30 mm and 
flanges about 30 mm on both sides at a 600 angle as shown in Figure 4-16 a). The 
top and bottom rolls are designed similar to roll forming with a diameter of 40 meters, 
with the angle of 100 segments are sufficient to form the channel as shown in          
Figure 4-16 b). The rolls were constructed with the discrete rigid body. The blank 
material was discretised by using C3D8R elements, which are an 8-node linear brick 
element, switching on options of reduced integration and hourglass control. The 
main parameters of FEA are listed in Table 4-4.  
 
Table 4-4 Main parameters of FEA 
Material Model: Isotropic, elastic-plastic, and 
strain hardening 
Young’s modulus: 230 GPa 
Poisson’s ratio, v: 0.30 
Step type: Dynamic, Explicit 
Blank thickness, t: 1 mm 
Blank width, w: 90 mm 
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Blank length, L: 300 mm 
Rolls property: Rigid bodies 
Mesh Global Size: 3 
 
 
Figure 4-16(a) Channel geometry  
 
Figure 4-16(b) Rolls geometry 
The revised model was used to roll form the 600 channels with a roll diameter 40 
meters by a single pass and the simulation proved that using large diameter rolls as 
shown in Figures 4-17 and 4-18. The elongated deformation length significantly 
increases its effective radius. Also, the slight amount of springback on the 
longitudinal bow of the deformed channel was observed.  
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Figure 4-17 3D FEA model 
 
Figure 4-18 3D FEA simulation U-channel 
The surface quality was quite smooth as shown in Figure 4-19. The deformed cross 
sections geometry at the front, middle and the rear of the channel were very similar. 
Path analysis was conducted at three cross sections. The front, middle and end of 
the deformed channel and the strain measured along cross sections as shown in 
Figure 4-20(a) were about 0.13 as illustrated in Figure 4-20 (b). However, this 
analysis did confirm that when forming High Strength Steels with a large deforming 
radius, there would be less residual stresses on the channel.  
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Figure 4-19 Deformed U-channel  
 
Figure 4-20 (a) numerical model cross section 
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Figure 4-20 (b) Front, mid and rear strain result along the cross section 
4.3.5 Preliminary Experimental Investigation of CDF for 600 Channel  
The experimental work was carried out on a second-generation CDF machine. The 
machine has two stands with a length of about 4.7 meters; the forming length of 
each workpiece is with a maximum length of 300 mm and can be assembled with 10 
pairs of die set segments as shown Figure 4-21. 
 
Figure 4-21, The 2ND Generation chain-die former 
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Two forming tests were conducted and a 600 U-channel was tested and successfully 
formed in two passes, as shown in Figure 4-22. The material used in this study was 
a general purpose cold roll steel and the blank sheet has a thickness of 1.1mm, a 
width of 90 mm, a length of 300mm. Experimental work was conducted on the 2nd 
generation CDF machine with a speed of 2 meters per minute. Cold forming 
lubrication is applied to the sheet for a smoother flow. The experimental results 
showed that there were scratches and dents noticed on inside and outside surfaces 
of the channel as shown Figures 4-23(a), 4-23(b) and 4-24. 
  
Figure 4-22 Experimental work forming of 600 channel sections 
 
Figure 4-23 (a) Formed 600 channel sections 
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Figure 4-23 (b) Formed 600 channel sections 
 
Figure 4-24 Formed 600 channel sections bowing effect  
4.3.6 Comparison of Numerical Results and Experimental CDF 600 Channel 
The experimental results for both cases showed that there were scratches and dents 
noticed on both the inside and outside surfaces of the channel as a result of the 
sharp corners of the die and punch segments as discussed in 3D FEA of the 
previous chapter.  
Comparing the experimental work and FE model simulation results on stamping, roll 
forming, R20 meters Roll CDF and 12 Segment CDF on the bowing effect, the 
results were as shown in Figure 4-25. 
• FE model of the stamped channel- the bowing effect was within 2 mm per 300 
mm length. 
• FE model of Roll Formed channel- bowing effect was 10 mm per 300 mm 
length. 
• FE model of R20 meter Roll CDF- bowing effect was 5 mm per 300 mm 
length. 
• FE model of the 12 Segments CDF- bowing effect was 1 mm per 300 mm 
length. 
• The experimental channel- bowing effect was 2 mm out the flatness along it's 
300 mm length. 
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Figure 4-25 Comparison of the bowing effect 
Also, comparing the simulation and experimental studies along with their cross 
sections channel profiles of stamping, roll forming, R20 meters Roll CDF, 12 
segments of CDF and the experimental work, the following results were obtained as 
shown in Figure 4-26. 
• The stamped FE model springback was 10 and consider the minimum. 
• The R20 meter Roll CDF FE model springback around 0.5 0 in whole profile it 
considers very low due to large deformed roll radius. 
• The 12 segments CDF FE model springback around 20 springsback on corner 
radius required further FE investigation. 
• The experimental channel profile had negligible springback due to low 
strength steel and higher ductility of the material, hence providing excellent 
formability.  
 
Figure 4-26 Comparison of cross-section channel profile 
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The comparison study between the simulation and experimental work revealed that 
the newly developed simulation model of CDF strongly adhered with each other. 
Based on this study, springback compensation and controlling dimension of the 
profiles can be predicted and incorporated in a newly designed tooling. There was 
good agreement between experimental and numerical simulation results, no wrinkles 
were observed across the web and overall dimensions were satisfactory in the trial 
experimental work. In the near future, experimental work will be conducted using 
UHSS to determine an exact comparison between simulation studies and 
experimental work.    
 
4.4 Innovative Finite Element Modelling of CDF 
Based on a key finding from motion analysis and comparison between roll- forming 
and chain-die forming, a series of 3D finite element models of CDF with split dies 
and punch segments were developed in this study. In this section, the finite element 
analysis of CDF was conducted to form both a 600 channel and U-channel using 
newly modified die sets. Instead of a large single radius used in previous 
simulations, individual sets of split and die segments were simulated on Abaqus/CAE 
software. This simulation method was invented due to previous researchers studying 
relatively simpler models similar to roll forming. The newly developed method exactly 
simulates the results of CDF. 
4.4.1 CDF of 600 Channel with 3 Die Sets 
The channel section web width is 30mm and flanges about 30mm both sides with a 
600 angle. The 3D FEA model die and punch segments were assembled and 
simulated like real-time CDF. Initially, the die and punch blocks simulated circular 
interpolation with a radius of 500 mm. Then, the blank progressively deformed the 
shape while the die & punch blocks travelled inwards. The CDF process combination 
of press brake and cold roll forming with circular and linear interpolation. The 
material model is similar to that used in roll forming.  
Three sets of die & punch blocks were constructed with a discrete rigid body. The 
blank was deformable, the material model plastic isotopic, yield stress and plastic 
strain used from the converted raw data from tensile testing Ultra High Strength 
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Steel DOCOL 1400M. The Young’s modulus is 236 GPa, the Poisson’s ratio is 0.3. 
The sheet has a 1-mm thickness, a width of 90 mm and a length of 300 mm. The 
element type was C3D8R: an 8-node linear brick, reduced integration, hourglass 
control. The approximate mesh global size is 3, the step types are Dynamic explicit.    
Table 4-5 Simulation parameters for die sets 
Step type  Dynamic, Explicit  
Blank thickness, t 1.2 mm 
Blank width, w 90 mm 
Blank length, L 200mm 





Figure 4-27 3D FEA simulation model three die sets 
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Figure 4-28 Die and punch geometry 
The result was similar to experimental work, such as the key finding of sharp marks 
where die and punch blocks cornered at the intersection point as shown in Figure   
4-27. The final formed shape was highly stressed and strained at the intersection 
points as shown in Figures 4-29 and 4-30. Based on the first real CDF simulation, 
required changes of dies & punch segments design were identified. The changes will 
be incorporated into the next 3D FEA model. 
 
Figure 4-29 Die and punch geometry 
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Figure 4-30 Stress cross sections 
4.4.2 Finite Element Analysis of U-Channel 
Finite Element Analysis was conducted to simulate the forming of  900 U-channels 
using CDF with split die and punch segments, and the simulation was performed in 
Abaqus / Standard and Abaqus / Explicit software. The channel section web width 
was 30mm, flanges about 30mm both sides, with 900 including angle and length 300 
mm. The 3D FE model dies and punches blocks were modified based on previous 
3D FEA results, by removing the fillet on the die punch blocks and simulated like 
real-time CDF. In the first instance, the die and punch segments were simulated 
circular interpolation with a radius of R500mm where the blank progressively formed 
the shape as shown in Figure 4-31.  














 3 Die set Exp1
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Figure 4-31 3D FEA Simulation model assembly of 900 U-channel 
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Table 4-6 Simulation parameters 
Material model Isotropic, elastic-plastic, strain hardening 
Young’s modulus 236 GPa 
Poisson’s ratio, v 0.30 
Step type  Dynamic, Explicit 
Blank thickness, t 1.2 mm 
Blank width, w 90 mm 
Blank length, L 200mm 
Die & punch blocks property Rigid 
 
The results found extreme damages on the formed channel because the intersection 
points of the die and punch segments were observed to overlap at the corners of the 
material as shown in Figures 4-33(a) and (b).  
 Figure 4-33(a) Damaged U-channel deformed FE model  
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Figure 4-33 (b) Damaged U-channel cross section 
 
The motion analysis clearly identified key issues such as the corners of dies punch 
segments intercepting with the blank and confirmed with numericla simulation as 
shown in Figure 4-34. The final formed shape was highly stressed and strained at 
these intersection points. Based on the first real CDF simulation, we identified more 
changes design of the die & punch blocks. These modifications were incorporated 
into the modified 3D FEA model descibed in next section. 
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Figure 4-34 Damaged 900 U-channel by one pass 
 
Figure 4-35 Strain results of U-channel 
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Figure 4-36 Numerical representation dies & blocks intercepts with the blank 
 
The corners of the punch and die segments which intercepted with the blank at the 
end of the circular interpolation of the CDF is denoted in the oval shape of Figure    
4-36. This was the first time this problem was identified after simulating with split 
blocks, instead of a single surface roll forming. Thereby, further design modifications 
were necessary for the die set design.  
4.5 Summary 
The following conclusions were made based on literature review, theoretical, 3D FEA 
simulation and preliminary experimental work. 
• The 3D animation clearly showed that the corners of die punch segments had 
been intersecting with the blank, resulting in the possible penetration marks and 
high torque on the Chain-Die Forming machine. 
• Cold roll forming 3D FEA simulation showed that high strength steel was very 
difficult to form due to the material's high strength and low elongation properties. 
Other issues with high strength steels include higher springback and uncontrolled 
bow that occurs during the forming process. After simulation of the 600 channel, 
the springback was about 200 and end flaring and bow also occurred. The 
simulation study proved that UHSS was very difficult to form the profiles using 
cold roll forming. 
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• CDF with rolls of a 40-m diamaeter: In reality, it is not possible to form U-channel 
with 40 meters of diameter rolls. However, it is true that large roll radius has 
fewer residual stresses on a profile with very low strain. The simulation results 
perfectly match with the literature review on CDF. 
• The 1st real CDF: The result was similar to experimental work, including key 
observations such as sharp marks where the die and punch blocks intersected at 
the corner. The final formed shape was highly stressed and strained at the 
intersection points. Based on the first real CDF, the simulation identified the 
required redesign of dies & punch segments. 
• 3D FEA 600 channel: The newly developed innovative 3D FEA model showed 
quite positive results. The final formed shape was extracted from 3D FEA 
channel. The channel had no defects, was quite flat, no end flaring, springback 
about 50, and the strain on both corners was less than 0.025. The study showed 
that it was possible to form the 600 channel of high strength steels with a tensile 
strength of 1500 MPa such as AHSS /UHSS in one pass. 
• 3D FEA 900 UC: The result showed extreme damage on the formed channel due 
to the die and punch blocks corners intercepting at the blank. The final formed 
shape was highly stressed and strained at these intersection points. Based on 
the first real CDF simulation identified, the need to redesign the die & punch 
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Chapter 5 
Chain-die forming of 60º Channel 
Section 
5.1 Introduction 
The previous chapters studied the basic concept of Chain-die Forming, focusing on 
developing a new design analysis combining CAD modelling, Motion Analysis and a 
series of Finite Element Analysis (FEA) to devise optimal solutions of CDF for UHSS, 
and identifying major issues with the CDF to form high strength steels. This chapter 
focuses on forming 600 channel sections using the CDF process in a single pass. It 
consists of the following sections: a) FEA modelling of CDF with standard 2nd 
generation die-set design; b) FEA modelling of CDF with optimised die set design; c) 
experimental validation of the optimised design; and d) summary of results. 
5.2 Finite Element Modelling of 600 Channels 
The main purpose of this 3D FEA analysis is to study the 600 channel CDF process 
and capture data such as stress, strain, and spring-back and dimensional accuracy 
of the profile when forming UHSS. The results from this numerical study will enable 
us to identify issues with the standard die set profile and thus rectify them through 
the new optimised die set design in Section 5.3. The challenges involved in 
developing an experimental CDF process includes the number of processing steps, 
springback correction, tolerances, load/torque, stress and strain, etc. which can all 
be determined through these numerical simulations.  
5.2.1 The software and geometry 
The simulations were carried out using Abaqus/Explicit, and the geometry split dies 
punch segments design were determined by the 3D model and the motion analysis. 
The segments lead a fillet R4 and then the fillet R4 is incorporated as shown in 
Figure 5-1 to precisely simulate to the CDF process. The model consisted of twelve 
sets dies and punch segments that formed 300 mm length of the channel, with a 600 
angle inside the profile. The split dies segments designed were similar to 2nd 
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Generation CDF the width 35 mm, thickness 40 mm, and length 80 mm as shown in 
Figure 5-2.  
 
Figure 5-1 600 Channel die-set design 
A material hardening model was imported to the FEA model, from tensile testing 
converted data of UHSS DOCOL 1400M and parameters illustrated in Table 5-1, 
integrated into the CDF process. The assembly of the split die and punch segments 
were simulated similar to CDF with a forming lead radius of 150 mm and a 
deformation radius of 20 meters. The interaction property was set as surface to 
surface contact with penalty contact method for all twenty-four blocks and contact 
property tangential behaviour; with friction penalty coefficient of 0.3. The mesh 
C3D8R elements were used again to conduct the meshing of the blank material.  
 
Figure 5-2 600 Desired channel 
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The element type was C3D8R: an 8-node linear brick, reduced integration, hourglass 
control. The approximate mesh global size is 3, the step types are dynamic explicit.    
Table 5-1 Simulation parameters for three die set 
Step type  Dynamic, Explicit  
Blank thickness, t 1.2 mm 
Blank width, w 90 mm 
Blank length, L 300mm 
Die & punch blocks Rigid 
 
5.2.2 The blank and material model 
The blank solid extruded size thickness 1.2mm, width 90mm, and length 300 mm 
and the section solid, homogeneous. The material model elastic-plastic hardening is 
isotopic and von Mises yield surface associated flow rules were used. An 
experimental tensile data of Ultra High Strength Steel grade DOCOL 1400M 
converted yield stress and plastic strain is implemented into the Table 5-2. 
Table 5-2 Main parameters of FEA 
Material Model: Isotropic, elastic-plastic, and 
strain hardening 
Young’s modulus: 230 GPa 
Poisson’s ratio, v: 0.30 
Step type: Dynamic, Explicit 
Blank thickness, t: 1.2 mm 
Blank width, w: 90 mm 
Blank length, L: 300 mm 
Rolls property: Rigid bodies 
Mesh Global Size: 3 
 
5.2.3 Assembly, Steps and Boundary Conditions 
The assembling of the split die and punch segments shown in Figure 5-3 is similar to 
Chain-die forming as shown in Figure 5-4, with a forming radius of 20 meters 
opposite to each other.  
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Figure 5-3 600 Split die and punch segments 
  
                   (a)                                                    (b)                
Figure 5-4 Numerical models of 600 channel a) CAD model and b) FE 
 
The blank is positioned close to the first set of die and punch segments and will be 
extracted by dies set when simulated boundary conditions for the blank 
displacement/rotation UR1 and UR2 for both edges. The boundary condition type 
velocity angular velocity of -/+ 0.349 radians for all segments as shown in Figures 5-
5 and 5-6. 
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Figure 5-5 3D FEA Simulation assembly with 12 dies set 
 
Figure 5-6 Cross-section FEA model with channel 
 
5.2.4 Results and Discussion 
The final formed shape was extracted from the 3D FEA channel as shown in        
Figure 5-7. The U-channel had no defects as it was flat along its length and no end 
flaring, and the springback was around 50. This amount of springback is significantly 
lesser than 200-300 for traditional cold roll forming and is a satisfactory result in under 
a single pass. However, correction of the 50 springback is necessary to acquire the 
desired profile shape. In addition, a convex shape was observed on the crown 
surface instead of a flat cross-section, which needs correction and consideration in 
the next die set design. These observations were expected because of the high 
strength and low ductility characteristics of UHSS increasing the difficulty of forming 
these materials into desired shapes. 
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Figure 5-7 3D FEA Formed 600 channels 
Path analysis was conducted on the front, middle and end of the formed channel. As 
illustrated in Figure 5-8, the strain measured along these cross sections was a 
maximum of 0.025 which is considered to be a low value, meaning the material 
experiences very less strain and stress during CDF. This means the material can 
undergo further forming processes without compromising its mechanical properties 
or integrity. 
 
Figure 5-8 3D Cross section strain distribution 
Therefore, to achieve the correct profile geometry, modification of the standard die 
set profile is required. Based on these numerical results, the new optimised die set 
design should focus on web angle correction and crown surface compensation.  
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5.3 FEA Modelling of the Optimised Design 
This phase of the study will involve developing an optimised die set design that will 
overcome the deficiencies of the current design identified in the previous section. 
This will be achieved through trial and error with numerical simulations, where the 
profile geometry of the punch and die segments will be refined. In the optimal design 
of the die sets, the main parameters such as springback correction crown and 
channel angle were focused and pre-determined by channel bending numerical 
simulation. Based on the result the parameters were altered until the final formed 
shape agrees with the desired profile including geometrical parameters and 
mechanical properties. Once the optimised die set is completed, it will be validated 
through experimental work in section 5.4.    
5.3.1 Optimised Die Set Design 
The development strategy of the optimised die set involved incremental changes to 
the original die set design, and validation through numerical simulations and 
comparison with the desired profile. The first step will involve overcoming the crown 
surface observed in the original profile in Figure 5-7, followed by compensating the 
50 springback and finally combining both design modifications into a single optimised 
die set.  
The first optimised die set design is shown in Figure 5-9 (a). To compensate the 
crown surface, a concave and convex shape on both the die and punch segments 
respectively was introduced to increase the bending action at the corners of the die-
set. The FEA parameters remain unchanged as in section 5.2.2, and the deformed 
cross-section is shown in Figure 5-9 (b).  
 
(a)                                                                    (b) 
Figure 5-9 a) Optimised design version 1 and b) die set and numerical result  
The numerical model revealed a slight improvement in the final profile shape. While 
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the crown radius slightly decreased to roughly R100, it failed to achieve a flat cross-
sectional profile, and thus a larger bending action will be needed in the next die set 
design. Furthermore, the model revealed a considerable amount of springback on 
the profile shape due to the high strength and low ductility of UHSS. As a result, the 
web and crown corner had radius R20 instead of R2. Hence, the deformed channel 
is not close to the desired profile and is further confirmed by the disparity with the 
final shape shown in Figure 5-10. Thereby, further design modifications will need to 
be introduced to overcome these issues. 
 
Figure 5-10: Comparison between numerical and desired results die-set version 1 
5.3.2 Die-set optimisation Version 2 
Based on the above results, and to compensate the crown surface, the bending 
action was increased by reducing the radius from R125 to R80. This second 
optimised version of the die set is shown in Figure 5-11 a). 
 
a)                                                                         b) 
Figure 5-11 a) Optimised design die set version 2 and b) Numerical simulation result 
The simulation revealed a subsequent improvement in the profile shape compared to 
the previous die set design. This is because there is a reduced amount of springback 
shown in Figure 5-11 b) because it is compensated by the curved shape of our die 
set. The deformed channel is much closer to the desired geometry, compared to 
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their respective cross-sections as shown in Figure 5-12. It reveals a disparity in the 
web and flange areas of the profile. Hence, further improvement in our die set design 
is required.    
 
Figure 5-12: Comparison between numerical and desired results die-set version 2 
 
5.3.3 Die-set Optimisation Version 3 
The next stage of the design process is to correct the springback identified in the 
previous result, and combine it with the crown compensation of the previous design. 
To achieve this, the web angle was decreased to 550 and crown shape reduced to 
R50.  
 
a)                                                                        b) 
  Figure 5-13 a) Optimised design die set version 3 and b) Numerical simulation 
result  
 
The obtained numerical results showed an optimally-designed die set was able to 
compensate both the unwanted springback and crown surface for geometrical 
correction, successfully enabling the completion of experimental work. The profile 
had no defects as it was flat, had no waves on its flange, and the springback was 
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very minimum as confirmed by Figure 5-14 where the green line is very close to the 
desired shape. Thereby, an optimised design of the die-set for a 600 channel section 
was achieved efficiently through numerical simulation.  The next phase of this study 
will now involve the experimental validation of this optimised die set design.  
 
Figure 5-14 Comparison between numerical and desired results die-set version 3 
 
5.3.4 Convergence Testing 
The final shape of the AHSS 600 section was obtained from simulations of the third 
optimised design shown in Figure 5-15 (a) and (b). Path analysis was conducted 
between the three different resulting cross-sections and compared with the desirable 
profile as illustrated in Figure 5-16. This comparison demonstrates how the third 
optimised design produced a final profile very close to the desired shape. In addition, 
the maximum strain distribution along the cross-sections of the third case study was 
about 0.03, as illustrated in Figure 5-17. These low strain values confirm that when 
forming High Strength Steels with a large forming radius, there will be less residual 
stress and very low residual strain on the formed profile. The devised FE modelling 
implies it is possible to form a 600 section with one pass using the optimised design. 
Convergence test was performed to verify the result using that further refinement in 
the mesh, where the peak value of stress increases to a certain extent and will not 
change after. This is enough evidence to show the model is reliable because the 
max stress is consistently at 1500.  
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                                   (a)                                                              (b)                                                             
Figure 5-15 (a) Strain contour of 600 channel; and (b) Stress contour of 600 channel 
(Red arrows indicate forming direction) 
 
Figure 5-16 Comparison all optimised and desired cross-sectional profiles 
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Figure 5-17 3D Cross section strain distribution 
5.4 Experimental Validation of Optimised Design 
5.4.1 Die Set Manufacturing 
The successfully optimised die set via 3D FEA study was machined and 
experimental work was carried out on second-generation CDF machine. The 
machine has two stands with a length about 4.7 meters, the forming length of each 
workpiece can be the maximum length of 300 mm and can be assembled with 10 
sets die sets.  
The split die and segments redesign are based on the research findings from the 
literature review, numerical simulation, and preliminary experimental investigation. 
The split die and punch segments of the final optimised design were created via 3D 
modelling using SolidWorks, as shown in Figure 5-18. The die set raw material grade 
was D2 tool steel. The tool path will be generated using SolidCAM software and the 
machining was carried out by Computer Numerical Control machines. The die set 
was hardened and tempered to 60-62 HRC using a vacuum furnace. The assembly 
and alignment of the split die segments process will be a very critical task has been 
done very precisely. The experimental investigation was conducted systematically 
and scientifically to solve research problems. The approach will start by forming low 
strength steels, then gradually increasing to high strength steels, and finally Ultra 
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High Strength Steels until the forming process is completely validated with this new 
die set design.  
 
Figure 5-18 Die set final optimised design 
 
5.4.2 Experimental Procedure 
The formed channel is with 600 channel sections, the flange of 25mm, web wall of 
30mm, the width of 80mm and length 300mm. The material specification is UHSS 
DOCOL 1400M with a tensile strength 1400MPa with a thickness of 1.2 mm is 
martensitic steel. Experimental works were conducted on the 2nd generation CDF 
machine with a speed of 100mm per minute as shown in Figure 5-19. Cold forming 
lubrication (ROCOL RTD Liquid is Medium viscosity high performance metal cutting 
and cold application) was applied to the sheet for a smoother flow as shown in 
Figure 5-20 and 5-21. 
 
Figure 5-19 Experimental undergoing on the 2nd generation CDF 600 channel UHSS 
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Figure 5-20 Forming of 600 channels 
 
Figure 5-21 Deformed stacked 600 channels UHSS 
 
5.4.3 Results and Discussion 
Upon visual inspection of the experimental deformed profile, no surface defects, 
bowing or wrinkles were observed in Figure 5-22 of the section. The crown and 
flange were perfectly flat and the web was roughly 600 as desired. Thereby, the 
deformed shape is very close to the desired geometry, and both cross-sections 
perfectly align with each other as evident in Figure 5-23.  
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 Figure 5-22 Deformed 600 channel UHSS   
 
 
Figure 5-23 Comparison between experimental and desired profiles 
The experimental result was further validated by comparison with the numerically 
simulated profile using the optimised die-set design. Again, there is a strong 
agreement between the shape of the two profiles shown in Figure 5-24 and both 
achieved the desired outline of the 600 channels. 
105
Chapter 5   CDF of 60º Channel Section 
 
Figure 5-24 Comparison between experimental and numerical results 
The optimised die set design achieved this result by incorporating springback 
compensation on the crown and web, as evident in Figure 5-25,which compares the 
desired with the die segment profile.  
 
Figure 5-25 Comparison between desired optimised die-set profiles 
As outlined in section 5.3, this springback correction was achieved by decreasing the 
web angle from 600 to 550 and the crown shape was reduced to R50. To 
compensate the crown surface across the cross-sectional profile, the bending action 
was increased by reducing the radius from R125 to R80. This correction aspect of 
the design minimises the effect of springback from the low ductility of UHSS.  
 Further comparison between the profile shapes of the desired, numerical and 
experimental results identified a strong agreement with each other as illustrated in 
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Figure 5-26. Thereby, this optimised die-set design can achieve the CDF of UHSS 
into a 600 channel section by one pass without defects. 
 
Figure 5-26 Comparison between numerical, experimental and desired results 
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5.5 Summary 
In this study, a new die set design was proposed to optimise the CDF process of 
UHSS 600 channel using Abaqus simulation software. This approach explored both 
the strain distribution and correct tool geometry for the tooling including springback 
correction. As a result, without conducting experimental work, optimal values of 
springback correction parameters were successfully determined and applied to our 
new design. Finally, our research was validated by experimental work. Thereby, the 
following conclusions based on both the numerical and experimental results were: 
• It was possible to form a UHSS 600 Channel (tensile strength of 1500 MPa) with 
the proposed optimal die-set design in one pass without experiencing high strain 
during forming.   
• The experimental work verifying this new die-set design strongly agreed with the 
numerical simulations and the desired profile geometry.  
Based on the numerical and experimental result of the 600  channel section, forming 
high strength steels with a tensile strength above 1000 MPa requires a large 
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Chapter 6  
Finite Element Modelling and 
Experimental Work of 900 Channel 
Section  
6.1 Introduction 
To further explore the potential of CDF in processing UHSS with complex shapes, 
this study focuses on forming the U-channels with finite element modelling of CDF. 
This chapter is divided into the following sections: 1) FEA modelling of simulation of 
U-bending for 900 channel; 2) FEA modelling of CDF with an optimised die set 
design for 900 channel and comparison with U-bending simulation results, and 3) 
Experimental validation of the new optimised die set design and discussion of 
results. The first stage in modelling the U-bending is critical in determining the 
required tool geometry for the optimised die set for CDF. The expected outcome of 
this phase of the study is the successful design and validation, both numerically and 
experimentally, a die-set design for CDF of UHSS into a U-channel without defects.  
6.2 Finite Element Modelling of U-Bending for 900 Channels  
6.2.1 Finite Element Model of U-Bending Process  
3D FEA was used to form 900 channels using a die and punch segments similar to 
U-bending tooling in a single stroke. The purpose of this model is to prove: 1) the 
possibility of forming a short length of channels with springback compensation in 
tooling with U-Bending, and 2) determining the tool geometry for the compensation 
of CDF die set in the next section.  
The channel section had a web width of 30 mm and flange height of 20 mm on both 
its sides with a 900 angle as shown in Figure 6-1(a). The die and punch segments 
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were designed similar to the U-bending operation sufficient to form the channel 
shown in Figure 6-1(b). The tooling was constructed with discrete rigid bodies. 
 
(a)                                              (b) 
Figure 6-1 (a) Desired channel and (b) CAD model of U bending  
 
Boundary Conditions (BCs) for the U bending FEA model are shown in Figure 6-2. 
The die set BC is Encastre; the punch BC is Displacement and Velocity V2; the 
sheet metal both edges BC are Displacement UR1, UR2 and UR3. 
 
Figure 6-2 Numerical model U bending 
 
6.2.2 Numerical Simulation Results 
The simulation proved it was very difficult to form long profiles with only a single 
stroke and required large capacity press tools. This is because a considerable 
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amount of springback on both the profile shape and the longitudinal bow of the 
formed channel was observed. Wrinkles were noticed on the surface quality as 
shown  Figure 6-3(a). Path analysis was conducted at three cross sections: the front, 
middle and end of the formed channel and the strain measured along the cross 
sections were relatively high at roughly 0.13 as illustrated in Figure 6-3(c). The 
formed cross-sections geometry at the front, middle and the rear of the channel were 
very similar as in shown in Figure 6-3(b). Thus, U-bending is not advisable for 
forming high strength steels. However, the springback data captured was considered 
for the redesign of the die-set segments for CDF in Section 6.3.   
 
(a)                                        (b)                                      (c) 
Figure 6-3 (a) Formed channel,(b) cross section, and (c) strain results 
 
6.3 Finite Element Modelling of CDF for 900 Channels  
6.3.1 Finite Element Model of CDF for U Channel  
This second numerical model was developed based on the existing 2nd generation 
Chain-die former with die and punch segments. This study focuses on simulating the 
CDF of UHSS to devise an optimal solution for forming a 900 U-channel with one 
single pass by developing an exact finite element model and constructing a reliable 
process for it. The primary purpose of this modelling is to numerically validate an 
optimised die set design for CDF to overcome the issues associated with channel 
bending in previous section 6.2.2.  
Numerical simulation of 900 channel was conducted as shown in Figure 6-4(a) with 
the newly developed CDF model with a lead radius of R125 mm and forming a 
radius of 20 meters. The lead radius zone of R125mm considers channel bending 
operation and zone of the 20 meters radius considers roll forming. The die and 
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punch segments will be interpolated similarly to ellipse shape as shown in Figure    
6-4(b). The lead fillet R4 and end fillet R4 segments were incorporated as shown in 
Figure 6-5. The model consisted of eight sets of the die and punch segments that 
were formed with 200 mm length of U-channel. 
Boundary conditions CDF FEA model: The blank BC is displacement both the edges; 
the die and punch segments path centre ref point BC type rotation. Angular velocity 
BC type has been applied for the die punch segment ellipse interpolation. Total 66 
boundary conditions were applied for a smooth simulation of the U-channel. Figures 
6-6 a) and 6-6 b) are the FE model and simulation of the CDF for U-channel. 
 
(a)                                              (b) 
Figure 6-4 a) Desired channel and b) CAD model of CDF U-channel  
 
(a)                                              (b) 
Figure 6-5 a) Die segment and b) CAD model punch segment  
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(a)                                              (b) 
Figure 6-6 a) FE model assembly and b) FE model simulation  
 
6.3.2 Numerical Results and Comparison with U-Bending Simulation 
As for FE Model 2, the channel with a depth of 20 mm was formed by using the 
proposed CDF. During the 1st stage, the bending process occurs for roughly 70% of 
depth and the formation length of around 75 mm. The 2nd stage finishes the 
remaining 30% of the depth required and increases the formation length to 350 mm. 
One of the primary advantages of the CDF process was its large 475 mm effective 
deforming length of with this configuration, which is not possible to achieve with roll 
forming. The final formed shape was extracted from the 3D FEA channel as shown 
in Figure 6-7(a). The U-channel had no defects as it was flat, no waves on the web, 
and the springback was around 50 as shown in Figure 6-7(b). Path analysis was also 
conducted on two cross-sections: the front and end of the deformed channel and the 
strain measured along cross sections was around 0.02 as illustrated in Figure 6-7(c). 
 
         (a)                                       (b)                                        (c) 
Figure 6-7 (a) Formed channel and (b) Cross section and (c) Strain distribution 
The comparison study between the two numerical models conducted revealed that a 
greater amount of bowing was observed on FE Model 1 compared to that found in 
FE Model 2 as shown in Figure 6-8(a). The longitudinal and cross-section strains of 
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FE Model 1 were found as 0.13 and for FE Model 2 it was extracted 0.01, as shown 
in Figure 6-8(b). 
   
(a)                                                               (b) 
Figure 6-8 (a) Formed channels and  (b) longitudinal strain distribution 
The strain distribution and profile shape of the two cross sections formed by using 
both models were further compared. The cross-section strains of FE Model 1 were 
found with a maximum value of 0.16 and for FE Model 2 it was extracted to be 0.01, 
as shown in Figure 9(a). The profile shape was a better quality for FE Model 2 as 
shown in Figure 9(b); even though the springback was constant it will be controlled 
by 2nd pass. The study clearly showed that it was possible to form the 900 channels 
of High Strength Steels with a tensile strength of 1500MPa for AHSS/UHSS by 
minimum passes using the CDF process. 
     
(a)                                                       (b) 
Figure 6-9 (a) Cross section strain results, and (b) profile shape results 
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6.3.3 Optimised Die Set Design  
The development strategy of the optimised die set involved incremental changes to 
the original die set design, and validation through numerical simulations and 
comparison with the desired profile.  
6.3.3.1 Optimisation Die-set Version 1 
The first optimised die set design is shown in Figure 6-10a). For springback 
correction at the corners of the channel, a concave and convex shape on both the 
die and punch segments respectively was introduced to increase the bending. The 
FEA parameters remain unchanged as in section 6.3.1, and the deformed cross-
section is shown in Figure 6-10 b).  
   
a)                                                                               b) 
Figure 6-10 a) Optimised die-set 1, and b) deformed profile cross-section 
The numerical model revealed a slight improvement in the final profile shape. While 
the crown radius slightly decreased to roughly R80, it failed to achieve a flat cross-
sectional profile, and thus a larger bending action will be needed in the next die set 
design. Furthermore, the model revealed a considerable amount of springback on 
the profile shape due to the high strength and low ductility of UHSS. As a result, the 
web and crown corner had radius R10 instead of R2. Hence, the deformed channel 
is not close to the desired profile and is further confirmed by the disparity with the 
final shape shown in Figure 6-11. Thereby, further design modifications will need to 
be introduced to overcome these issues. 
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Figure 6-11 Comparison between numerical and desired results die-set version 1 
6.3.3.2 Optimisation Die-set Version 2 
Based on the above results, and to compensate the crown surface, the bending 
action was increased by reducing the radius from R80 to R50. This second optimised 
version of the die set is shown in Figure 6-12 (a) and the deformed cross-section is 
shown in Figure 6-12 (b). The obtained numerical results showed an optimally-
designed die set was able to compensate both the unwanted springback and crown 
surface for geometrical correction, successfully enabling the completion of 
experimental work. The profile had no defects as it was flat, had no waves on its 
flange, and the springback was very minimum as confirmed by Figure 6-13 where 
the green line is very close to the desired shape. Thereby, an optimized design of 
the die-set for a U-channel was achieved efficiently through numerical simulation.  
The next phase of this study will now involve the experimental validation of this 
optimised die set design.  
  
a)                                                                 b) 
Figure 6-12 Channel Optimised FE Model a) optimised die-set version 2, and b) 
deformed profile cross-section 
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Figure 6-13 Comparison between numerical and desired results die-set version 2 
6.3.4 Convergence Testing  
The final shape of the U-channel was obtained through simulations of the second 
optimised design is shown in Figures 6-14 (a) and (b). Path analysis was conducted 
between the two different resulting cross-sections and compared with the desirable 
profile as illustrated in Figure 6-15. This comparison demonstrates how the second 
optimised design produced a final profile very close to the desired shape. In addition, 
the maximum strain distribution along the cross-sections of the second case study 
was about 0.03, as illustrated in Figure 6-16. These low strain values confirm that 
when forming High Strength Steels with a large forming radius, there will be less 
residual stress and very low residual strain on the formed profile. The devised FE 
modelling implies it is possible to form a U-channel with one pass using the 
optimised design. Further, the convergence test was performed to verify the result 
using that further refinement in the mesh, where the peak value of stress increases 
to a certain extent and will not change after. This is enough evidence to show the 
model is reliable because the max stress is consistently at 1500 MMa. 
 
a)                                                                 b) 
Figure 6-14 a) Strain contour of U-channel, and (b) stress contour of U-channel 
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Figure 6-15 Comparison all optimised and desired cross-sectional profiles 
 
Figure 6-16 Strain distribution across deformed channel cross-section 
 
6.4 Experimental Validation of Die Set Design 
The purpose of this experimental work is to validate the strong positive numerical 
results of the CDF of UHSS U-channel with the optimised die set design as shown in 
Figure 6-17. The experimental work was carried out on a 2nd generation CDF, and 
the machined die and punch segments were carefully assembled on chain links, 
ensuring each pair was aligned and parallel on the CDF track board. The gap 
between the die-set with filler gauges was according to the required sheet thickness. 
The experimental work was carried out systematically to achieve the desired channel 
profile without overloading die-segments by forming low strength steels and steadily 
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increasing the material strength up to UHSS. The specification of the machine is 
discussed in the experimental works of Chapter 5.  
 
Figure 6-17 Final die-set design 
6.4.1 Experimental Procedure 
Experimental works were conducted on the 2nd generation CDF machine as shown 
Figures 6-18 and 6-19, at a speed of 200 min/minute to forming of a channel with: 
900 channel section, web 25mm, crown 30mm, and length 150 mm. The material 
specification is UHSS DOCOL 1400M with a tensile strength 1400MPa with a 
thickness of 1.2 mm. Cold forming lubrication (ROCOL RTD Liquid is Medium 
viscosity high performance metal cutting and cold application) was applied to the 
sheet for a smoother flow. 
  
Figure 6-18 Experimental work forming of 900 channel sections 
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Figure 6-19 Forming 0f 900 channel sections 
6.4.2 Results and Discussion 
Upon visual inspection of the experimental deformed profile, no surface defects, 
bowing or wrinkles were observed in Figure 6-20. The crown and web were 
perpendicular to each other as desired. Thereby, the deformed shape was very close 
to the desired geometry, and both cross-sections were perfectly aligned in Figure 6-
21. Thereby, the U-channel was successfully formed in one pass without any 
defects. 
 
Figure 6-20 Formed U-channel sections of UHSS 
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Figure 6-21 Comparison between experimental and desired profiles 
The experimental result was further validated by comparison with the numerical 
profile simulated using the optimised die-set design shown in Figure 6-22. Again, 
there was a strong agreement between the shape of the two profiles and both 
achieved the desired profile of the U-channel. 
 
Figure 6-22 Comparison between experimental and numerical simulation results 
The optimised die set design achieved this result by spring-back correction at the 
corners of the channel to increase the bending by decreasing the radius down to 
R50, as evident in Figure 6-23. This correction aspect of the design minimises the 
effect of springback from the low ductility of UHSS.  
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Figure 6-23 Comparison between desired, die-set, and numerical profiles results 
 Further comparison between the profile shapes of the desired, numerical and 
experimental results identified a strong agreement with each other as illustrated in 
Figure 6-24. Thereby, this optimised die-set design can achieve the CDF of UHSS 
into a U-channel section by one pass without defects. 
 
Figure 6-24 Comparison between desired, numerical simulation and experimental 
results 
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Thus, this optimised die-set design can achieve the CDF of UHSS into a U-channel 
by one pass without defects. The design achieved this by incorporating springback 
compensation on the crown and web. Without the enhanced die-set design, the 
crown was R100 instead of the flat surface. To overcome this, the crown was R63 
incorporated on die-set, thereby resulting in our desired profile. This is the 
compensation aspect of our design and minimises the effect of springback from the 
low ductility of UHSS.   
 
6.5 Summary 
In this study, a new die set design was proposed to optimise the CDF process of 
UHSS U channel using Abaqus simulation software. This approach explored both the 
strain distribution and correct tool geometry for the tooling including springback 
correction. As a result, without conducting experimental work, optimal values of 
springback correction parameters were successfully determined and applied to our 
new design. Finally, our research was validated by experimental work. Thereby, the 
following conclusions based on both the numerical and experimental results were: 
• The simulation proved it was very difficult to form long profiles using U bending 
process with only a single stroke and required large capacity press tools. This is 
because a considerable amount of springback and wrinkles was observed on 
both the profile shape and the longitudinal bow of the formed channel.  
• It was possible to form a UHSS 900 Channel (tensile strength of 1500 MPa) with 
the proposed optimal die-set design in one pass without experiencing high strain 
during forming with the proposed CDF process.   
• The experimental work verifying this new die-set design strongly agreed with the 
numerical simulations and the desired profile geometry.  
Based on the numerical and experimental result of the 900  channel section, forming 
high strength steels with a tensile strength above 1000 MPa requires a large 
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Chapter 7 
Design Optimisation of Die Set for CDF 
of Top-hat Section via CAE and 
Experimental Study  
7.1 Introduction 
In the previous chapters, the numerical and experimental investigation of 600 and 900 
channels by CDF proved its excellent forming capacity compared to traditional roll 
forming. In this chapter, the study extends to the forming of complicated AHSS top-
hat section with minimum passes through numerical simulation and is divided into 
the following sections: a) numerical modelling of typical top-hat section with a self-
created, multi-radius FEA model; (b) optimization of the die set design through an 
FEA study to obtain its final geometry; (c) this numerical optimised design is 
validated and verified by performing experimental work with a 2nd generation CDF 
machine. The purpose of this new die-set design is to improve the performance of 
CDF of a UHSS top-hat section in a minimum number of passes as shown in      
Figures 7-1 and 7-2.  
 
Figure 7-1 3D FE Model top-hat cross section 
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7.2 Finite Element Modelling of Top-hat Section 
 
Figure 7-2 3D FE model of CDF 
7.2.1 Assembly Steps and Boundary Conditions  
Based on the existing 2nd generation Chain-die former, a series of 3D FE models 
were developed to simulate the CDF of AHSS and determine an optimal solution for 
forming a Top-hat section in a single pass, thereby developing a reliable 
manufacturing process. This numerical study can provide qualitative and quantitative 
data including stress, strain, spring-back and dimensional accuracy of the profile 
during the forming process in order to evaluate profile geometry and die-set 
performance after every simulation. The targeted top-hat section will have the 
following parameters as shown in Figure7-3: angle 1200, top width 30 mm and web 
width 15 mm per side. A pair of the die and punch segments is shown in Figure 7-4 
where the elliptical geometric profile was designed for springback compensation and 
FE model has shown Figure 7-5.  
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Figure 7-3 Top-hat section desired product 
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Figure 7-5 3D FE model of forming AHSS top-hat section. 
Numerical simulations of the top-hat section were carried out using a commercial 
finite element analysis package – Abaqus/Explicit, and the optimal geometry split 
design of dies and punch segments was determined by the motion analysis of 3D FE 
models of CDF (See Section 7.2.2 Die Set Optimisation for specific design details). 
As a result, the lead fillet R2 and end fillet R2 segments were incorporated. The 
model consisted of eight sets of dies and punch segments to form the AHSS Top-hat 
section with a forming length of 200 mm. The size of the split die segments was 
similar to those for the 2nd generation CDF and each segment had a 35-mm width, a 
40-mm thickness, and an 80-mm length. A material model to define the AHSS’s 
elastoplastic behaviours was created using the experimental data obtained from 
standard tensile testing of UHSS DOCOL 1400M, and the main parameters are 
listed in Table 7-1.  
 
Table 7-1 Main parameters of UHSS blank 
Material Model: Isotropic, elastic-plastic, and strain 
hardening 
Young’s modulus: 230GPa 
Poisson’s ratio, v: 0.30 
Step type: Dynamic, Explicit 
Blank thickness, t: 1 mm 
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Blank width, w: 90 mm 
Blank length, L: 300 mm 
Die set the property: Rigid bodies 
Mesh Global Size: 3 
 
7.2.2. Die set optimisation 
The challenge involved with developing a CDF die-set design is determining the 
following design parameters in advance: the number of processing steps, springback 
correction, tolerances, stress and strain.  Thereby, numerical simulations were used 
to identify the correct tool geometry without undertaking costly and time-consuming 
experimental trial and error work.  
7.2.2.1 Optimised Design Version 1 
The first optimised die set design is shown in Figure 7-6. The first design 
modification was changing the corner radii to R2 as an attempt to increase the 
bending action at the corners of the die-set. The simulated deformed cross-section is 
shown in Figure 7-7.  
 
 
Figure 7-6 Optimized design version 1: die set for top-hat 
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Figure 7-7 Optimised design version 1: deformed cross section  
 
The numerical model revealed a considerable amount of springback on the profile 
shape due to the high strength and low ductility of UHSS. As a result, the web and 
flange had a radius of R20 instead R2, while the corner was also R20 instead of R2. 
Furthermore, the crown radius was roughly R100 when it should be flat. Hence, the 
deformed channel is not close to the desired profile and is further confirmed by the 
disparity between the desired and the final shape shown in Figure 7-8.  
 
Figure 7-8 Optimised design version 1: comparison between the deformed profile 
and desired profile 
 
7.2.2.2 Optimised Design version 2 
Based on the above result, the improved and second optimised version of die set 
design is shown in Figure 7-9. The springback correction was applied on both the die 
and punch segments in a concave and convex geometry respectively based on trial 
and error method. The simulation results shown in Figure 7-10 reveal a subsequent 
improvement in the profile shape compared to the previous die set design. This is 
because there is a reduced amount of springback shown in Figure 7-11.  
129
Chapter 7          Top-hat Section 
 
 
Figure 7-9 Optimised design version 2: die set for top-hat 
 
 





Figure 7-11 Optimised design version 2: comparison between the deformed profile 
and desired profile 
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7.2.2.3 Optimised Design version 3 
As a result of previous case studies, the correct profile geometry at the flanges, 
webs and crown was achieved with the third optimized die set shown in Figure 7-12 
via trial and error method. According to the experimental observations and 
measures, new design features implemented in this design are web angle 50 and 
flange angle 30, in order to correct the springback in the web and flange from the 
previous numerical simulation as shown Figure 7-10 for Optimised design version 2;. 
The final formed shape was extracted from the 3D FEA Top-hat section shown in 
Figure 7-13. The profile had no defects as it was flat, had no waves on its flange, 
and the springback was very small as confirmed by Figure 7-14 where the green line 
is very close to the desired shape. Thereby, an optimised design of the die-set for a 
top-hat section was achieved.  
 
Figure 7-12 Optimized design version 3: die set for top-hat 
 
 
Figure 7-13 Optimised design version 3: deformed profile cross section 
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Figure 7-14 Optimised design version 3: comparison between deformed profile and 
desired Profile 
7.2.3. Convergence Testing 
The final shape of the AHSS top-hat section was obtained from simulations of the 
third optimised design shown in Figures 7-15 (a) and (b). Path analysis was 
conducted between the three different resulting cross-sections and compared with 
the desirable profile as illustrated in Figure 7-16. This comparison demonstrates how 
the third optimised design produced a final profile very close to the desired shape. In 
addition, the maximum strain distribution along the cross-sections of the third case 
study was about 0.065, as illustrated in Figure 7-17. These low strain values confirm 
that when forming High Strength Steels with a large forming radius, there will be less 
residual stress and very low residual strain on the formed profile. The devised FE 
modelling implies it is possible to form a top-hat section with one pass using the 
optimised design. Convergence test was performed to verify the result using that 
further refinement in the mesh, where the peak value of stress increases to a certain 
extent and will not change after. This is enough evidence to show the model is 
reliable because the max stress is consistently at 1500. 
 
 
                                   (a)                                                      (b)                                                             
Figure 7-15 (a) Strain contour of AHSS top-hat section; and (b) stress contour of 
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AHSS Top-hat section (red arrows indicate forming direction) 
 
Figure 7-16 Comparison of cross-sectional profiles 
 
Figure 7-17 Comparison of cross-sectional strain distribution 
 
7.3 Experimental Work 
7.3.1 Introduction  
The successfully optimised die set design obtained via 3D FEA study was machined 
and experimental work was carried out on a 2nd generation CDF machine for forming 
top-hat channel section. The specification of the machine was already discussed in 
Chapter 5 of experimental works.  
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7.3.2. Die Set Design and Machining 
The optimised die-set design is shown in Figure 7-18 and includes the springback 
correction in the flange, web and crown. The die-set pairs were machined using CNC 
and were heat-treated, ground, polished, systematically pre-assembled on chain-
links and finally assembled on to the former itself as shown in Figure 7-19.  
 
Figure 7-18 Die set drawing for generating tool paths 
 
Figure 7-19 Machined die set segments  
7.3.3 Experimental Procedure 
This experimental work will be carried out on a 2nd generation CDF machine shown 
in Figure 7-20. Starting with forming low strength materials and gradually increasing 
to high strength steels, it was observed that forming high strength steel was very 
difficult to due to its low ductile properties. Thus, the speed was reduced to about 
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50mm/minute and cold forming lubrication was applied for a smoother flow as shown 
in Figure 7-21. 
 
Figure 7-20 Experimental work forming top-hat channel sections UHSS 
On the deformed profile in Figure 7-22, springback was measured on the web at 50, 
a flange at 30 and crown has perfectly flat as anticipated in the compensation design 
of the tooling. This result will be further discussed in the following section.  
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Figure 7-21 CDF of top-hat section 
 
 
Figure 7-22 Consistency of staggered top-hat section  
 
7.4. Results and Discussion 
Upon visual inspection of the experimental deformed profile, no surface defects, 
bowing or wrinkles were observed in Figures 7-23 (a) and 7-23(b) of the section. The 
crown and flange were perfectly flat and the web was roughly 600 as desired. 
Thereby, the deformed shape is very close to the desired geometry, and both cross-
sections perfectly align with each other as evident in Figure 7-24.  
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 (a)  
 
 (b)  
Figure 7-23 (a) Formed Top-hat section UHSS; and (b) Experimental cross-section 
result 
 
Figure 7-24 Comparison between desired and die-set profiles 
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The experimental result was further validated by comparison with the numerically 
simulated profile using the optimised die-set design as shown in Figure 7-25. Again, 
there is a strong agreement between the shape of the two profiles and both achieve 
the desired outline of the top-hat section. Thus, this optimised die-set design can 
achieve the CDF of UHSS into a top-hat section by one pass without defects. The 
design achieves this by incorporating springback compensation on the crown, flange 
and web. Without compensation, the resulting web angle was 700 instead of 600, the 
flange was 30 instead of 00 and the crown was R100 instead of flat. To overcome 
this, the web angle on the die set was reduced to 500, flange reduced by -30 and 
crown was R63, thereby resulting in our desired profile as evident Figures 7-26 .This 
is the compensation aspect of our design and minimises the effect of springback 
from the low ductility of UHSS. To summarise the results further, the comparison of 
the profile shapes between the desired, numerical simulation and experimental 
profiles identified a strong agreement with each other as illustrated in Figure 7-27.  
 
Figure 7-25 Comparison between desired and die-set profiles. 
 
Figure 7-26 Comparison between the deformed experimental channel and die-set 
profiles. 
138
Chapter 7          Top-hat Section 
 




In this study, a new die set design was proposed to optimise the CDF process of 
UHSS Top-hat section using Abaqus simulation software. This approach explored 
both the strain distribution and correct tool geometry for the tooling including spring -
back correction. As a result, without conducting experimental work, optimal values of 
springback correction parameters were successfully determined and applied to our 
new design. Finally, our research was validated by experimental work. Thereby, the 
following conclusions based on both the numerical simulation and experimental 
results were: 
• It was possible to form a UHSS top-hat section (tensile strength of 1500 MPa) 
with the proposed optimal die-set design in one pass without experiencing high 
strain during forming.   
• The experimental work verifying this new die-set design strongly agreed with the 
numerical simulation results and the desired profile geometry.   
Based on the numerical simulation and experimental result of the Top-hat section, 
forming high strength steels with a tensile strength above 1000 MPa requires a large 




Conclusions and Recommendations  
8.1 Conclusions 
This research focuses on Chain-Die Forming process (CDF) as it is a sustainable, 
environmentally friendly and innovative manufacturing technology. The significance 
of this research is to show the potentials of Chain-die Forming process (CDF) to form 
UHSS channels with minimum passes. CDF reduces the stresses and strains in the 
formed components, lowers energy consumption and includes a relatively-simple die 
design and alignment with less investment compared to other metal forming 
technologies such as roll forming or stamping to some extent. Moreover the CDF is 
more superior to those hot forming technologies too. 
Based on the research outcomes obtained during the period of time, the following 
qualitative and quantitative research conclusions can be drawn:  
Development of a New Design Analysis Procedure of Chain-Die Forming 
• The new design analysis procedure of Chain-Die Forming has been successfully 
developed which combines the merits of CAD modelling, Motion Analysis and 
Finite Element Analysis (FEA) altogether.  
• This new procedure has been successfully employed to improve the CDF 
process with redesigned die-set segments considering compensation for Ultra 
High Strength Steel (UHSS) DOCOL 1400M. It has been validated by forming 
three UHSS channel products.  
Comparativeness Analysis of CDF, Cold Roll Forming and Stamping 
• Based on the comparativeness analysis of CDF, Cold Roll Forming and 
Stamping, it has been found that UHSS was very difficult to form with cold roll 
forming study as highlighted in literature review. This is because flaring and 
longitudinal bowing was observed with a roughly 200 springback. As discussed 
earlier in the literature review, this is because high strength steels have 
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springback due to low elongation (only about 3%), which has been confirmed in 
this research.  
• Though the 600 UHSS channel can be successfully formed by stamping, the 
simulations revealed a very low corner strain of 0.07. In reality, however, it is not 
possible to form large profile lengths with stamping because it requires expensive 
tooling and a high capacity mechanical or hydraulic press.   
• When forming high strength steels with a large deforming radius, there would be 
fewer residual stresses on the channel. Substituting CDF with roll forming and 
increasing the diameter to 40 metres, a 600 channel can be successfully formed 
based on the results of numerical simulations. The surface quality was found 
quite good as the surfaces are smooth and the deformed cross sections 
geometry at the front, middle and end of the channel were found very similar with 
a strain value of 0.13. However, such a large diameter is not applicable for roll 
forming in real world. 
• The development and utilisation of 3D motion analysis of CDF using SolidWorks 
help reveal the intersection of the die and punch segments corners with the 
blanks accurately. These further help devise the 3D Finite Element Modelling of 
CDF to precisely capture the contacts between the die and punch segments with 
the blanks.  
Novel 3D Finite Element Models of CDF with Split Dies and Punch Segments 
• Instead of a large single radius used in preliminary modelling and simulations for 
a simple CDF, the full finite element model of the CDF considering the individual 
sets of split and die segments has been successfully developed by using a 
commercial FEA package – Abaqus/CAE. This novel modelling of CDF was 
devised to fill in blanks to exactly simulate the CDF process, unlike the previous 
researches only using simple models similar to those models for roll forming in 
literature.  
Application of Novel 3D Finite Element Models of CDF to UHSS Channels 
• As for the 600 Channel, several die-set modifications were conducted including a 
50-springback correction, the web decreased to 550 and crown shape reduced to 
R50. The final product in experimental work was found no springback, end 
flaring, bowing and a low cross-sectional strain value of 0.03. Further comparison 
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between the profile shapes of the desired, numerical simulation and experimental 
results identified strong agreement with each other. This optimised die-set design 
can achieve the CDF of UHSS into a 600-channel section by one pass without 
defects. 
• For the U-Channel, the springback compensation was set R63 on the crown of 
the die-set. As a result, numerical simulations revealed a very small strain values 
at 0.03, and no surface distortions such as end flaring or bowing were observed 
on the experimentally deformed channel. The experimental results had strong 
agreement with the numerical solutions. This new optimised die-set design 
enables the CDF of high strength steels into 900 channels in one pass without 
damage.  
• Top Hat Section is the most complicated case among these three channel 
products. It also has been demonstrated that a UHSS top-hat section with a 
tensile strength of 1500 MPa can be formed with the proposed die-set redesign in 
one pass without experiencing high strain during forming. Springback correction 
implemented in this design included a web angle of 50 and a flange angle of 30 
along with a crown of R63. The experimental work verifying the CDF using this 
new die-set design strongly agreed with numerical simulations and successfully 
achieved the desired profile geometry. The maximum strain distribution along the 
cross-sections was about 0.065, confirming that when forming High Strength 
Steels with a large forming radius, there will be less residual stress and very low 
residual strain on the formed profile.  
 
To sum up, the answers to the three research questions identified before are found 
as follows: 
1. The novel design analysis procedure via utilising finite element modelling and 
simulation captured the exact forming process and material behaviours of UHSS 
because numerical solutions were consistent with experimental results on all 
three occasions on forming UHSS channel products.  
2. By eliminating the interception of the die-set segments at the corners in the 
revised die-set designs, no surface damages and dents were observed in both 
experimental and numerical simulation results. 
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3. High strength steels of a 1500MPa tensile strength were successfully formed into 
either 600, 900 or Top-hat channel by CDF without surface damages in one pass 




Material Modelling of UHSS 
Current research methods involved extracting experimental data by conducting a 
standard materials testing for Ultra High Strength Steel (UHSS) DOCOL 1400M to 
determine its material properties and mechanical behaviours and then the material 
data were further used to define the material model of UHSS for developing the finite 
element models of the Chain-die Forming for UHSS. However, analytic constitutive 
material models are recommended to be further developed for UHSS which could be 
validated by using experimental data and it could be further employed into any other 
finite element models.   
Optimisation of Chain-die Forming process for UHSS 
The study should be further expended to commercialise the novel CDF technology 
targeting at other complex channel products, in particular for automotive industry. It 
is highly recommended to further develop multiple Chain-die Formers such as a 
horizontally operated CDF to form products with complex cross-section profiles such 
as complicated automotive sheet metal parts. It is also recommended to implement 
hydraulic controlled track boards to adjust the gap between die-punch segments for 
sheet thickness variation and easy replacement of die sets with different 
configuration. Implement torque and load monitoring sensors to analyse data of 
control speed and forming depth, enabling finer control of springback and other 
parameters. Further research is also required to develop computer numerical 
controlled (CNC) CDFs to improve its automation level and flexibility for forming 
different products.  
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A: Abbreviations / Symbols 
 
Fb       Blank Holder Force 
Fp       Punch Holder Force 
WF     Flange Width 
β         Bending Angle 
Ε         Young’s Modulus 
σ       Stress 
ε         Plastic Strain 
σY      Yield Stress 
γ       Poisson’s Ratio 
L         Sheet Length 
W        Sheet Width 
tb        Blank Thickness 
UHSS  Ultra High Strength Steel 
CDF    Chain-Die Forming 
CAD    Computer Aided Design 
CAM   Computer Aided Manufacturing 








B: Raw data and stress & strain curves supplied by SAAB from Sweden 
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